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This thesis contains details regarding the research and development of a continuous flow, 
temperature controlled, microwave heating sterilisation unit. The microwave hardware design 
promotes the propagation of the fundamental 𝑇𝐸10 mode for rectangular waveguide structures at 
2.45 GHz. The system design incorporates a single mode applicator chamber which considers the 
microwave heating patterns within the system. The heating patterns were predicted through 
rigorous electromagnetic thermal coupled simulations. 
The temperature control system operates by maintaining output magnetron power whilst varying 
the media flow rate. The system has a controllable temperature range between 60 C and 95 C 
resulting in a variable system output flow rate between 3.3 l/h and 6 l/h. The constant output 
power produced by the magnetron can be set to either 700 W, 350 W or 210 W, using a technique 
called saturable reactor control and this is demonstrated and explained in the project. The 
magnetron and high voltage supply were obtained from a conventional microwave oven. 
Calibration techniques for various stages in the system are discussed and implemented to ensure 
measured data obtained is accurate and repeatable.  
The materials used to transport the targeted media inside the treatment chamber were selected 
based on a low dissipation factor ( 𝑡𝑎𝑛 ), effectively making the materials “invisible” to microwave 
radiation. This allows for selective heating of the media to be treated inside the system. 
The microwave sterilisation treatments were conducted with a strain of Lactococcus lactis (NZ9000) 
with an antibiotic marker (chloramphenicol at 10 µg/ml) suspended in sterile saline. The 
experiments conducted and observations made during development suggest that the designed 




Hierdie tesis bevat besonderhede rakende die navorsing en ontwikkeling van 'n deurlopende vloei, 
temperatuurbeheerde, mikrogolfverwarmingsterilisasie-eenheid. Die ontwerp van die mikrogolf-
hardeware bevorder die voortplanting van die fundamentele 𝑇𝐸10  modus vir reghoekige golfleier 
strukture by 2,45 GHz. Die stelselontwerp bevat 'n enkel-modus toediener wat die mikrogolfpatroon 
in die stelsel in ag neem. Die verwarmingspatrone is voorspel deur streng elektromagnetiese 
termiese gekoppelde simulasies.  
Die temperatuur beheerstelsel werk deur die magnetron uittree drywing te handhaaf terwyl die 
media se vloeitempo verander word. Die stelsel het 'n beheerbare temperatuurbereik tussen 60 C 
en 95 C, wat lei tot 'n veranderlike uittree tussen 3,3 l / h en 6 l / h. Die konstante uittree drywing 
wat deur die magnetron gelewer word, kan op 700 W, 350 W of 210 W ingestel word met behulp 
van 'n tegniek genaamd versadigde reactor beheer, en dit word in die projek gedemonstreer en 
verduidelik. Die magnetron en hoogspanning krag toevoer is verkry uit 'n konvensionele 
mikrogolfoond.  
Kalibreringstegnieke vir verskillende fases in die stelsel word bespreek en geïmplementeer om te 
verseker dat die gemete data akkuraat en herhaalbaar is.  
Die materiaal wat gebruik word om die geteikende media binne die toediener te vervoer, is gekies 
op grond van 'n lae verlies faktor (𝑡𝑎𝑛), wat die materiaal effektief 'onsigbaar' maak vir mikrogolf 
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Chapter 1  
Introduction 
This document represents a study in support of previous projects which have been undertaken 
within the Electrical & Electronic Department of Stellenbosch University’s Engineering Faculty’s 
Electro Heating Group (EHG). It contains details of a project designed to sterilise liquid media using 
microwave energy. 
1.1 Chapter Summary 
This chapter looks at the previous works completed by the EHG under the supervision of Professor 
JB de Swardt. The objectives for this project are defined and an outline of the project development 
process is seen. A summary of each chapter in this document is also presented. 
1.2 Background 
The first published work of the EHG of interest is AE Oberholzer’s “Development of a Continuous 
Flow Sterilisation System Using Microwaves” in 2016. This work showed the effective use of 
conventional microwave components and parts as far as possible. The system was tested in a 
laboratory environment which yielded successful results. The experimental system can be seen in 
Figure 1 below. 
 
Figure 1 - AE Oberholzer’s Final System [1] 
The system focussed on liquid media and had a coiled pipe inside the multimode microwave cavity. 





Figure 2 - a) AE Oberholzer's Treatment Cavity [1] b) JP van der Merwe's Treatment Cavity [2] 
The second pertinent published work of the EHG is JP van der Merwe’s “Magnetron Output Power 
Controller Used in the Application of Rooibos Tea Sterilisation” in 2018. This work also shows the 
effective use of conventional microwave components as far as possible. Due to the nature of the 
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application, the inside of the microwave cavity was altered to hold and mix a dry media. This can be 
seen in Figure 2 b) above. 
JP van der Merwe’s system was tested with application specific criteria. It was found that although 
there was a reduction in microbial growth compared to the control, the system did not reduce the E. 
coli growth below the South African Rooibos standard [2]. This suggests that the system should be 
refined and re-tested with the aim of meeting the South African Rooibos standard. This goal 
provides a basis into the study of microwave sterilisation for dry media. 
The published works both used the same Triode for Alternating Current (TRIAC) power control 
techniques to control the output power of the microwave magnetron. The nature of this technique 
leads to the use of two high voltage transformers which adds to the cost of the system when 
compared to the use of a single high voltage transformer seen in conventional microwave ovens. 
Both systems also use expensive circulators which are in place to protect the magnetron from 
reflected power. Both systems also made use of a generic microwave multimode cavity 
(conventional microwave oven) seen in Figure 1. 
The published works of the EHG have future recommendations which highlight the downfalls of each 
system and served as a starting point for the design of the system presented in this document. 
1.3 Objectives 
The objectives of this project are therefore to: 
▪ To develop a system capable of sterilising liquid to an industry standard. 
▪ To develop a predictable system where insight can be gained through simulation. 
▪ To have a continuous flow system as opposed to a batch system. 
▪ To have a cost-effective design. 
▪ To have a system of comparable/better efficiency seen from other conventional sterilisation 
techniques. 
▪ To detect when a treatment sample is no longer present in the treatment chamber. 
▪ To ensure the temperature is controlled. 
1.4 Project Development 
The work on this project was addressed in the following order: 
▪ Short courses provided by Stellenbosch Electrical & Electronic Engineering department were 
attended. These included courses in Electromagnetics, EMC, Microwave Electronics and 
Methods of Moments.  The courses were intended to give broader detail in the field of high 
frequency design. A course in Food Science was also taken to gain better understanding of 
industrial sterilisation techniques currently used in the food industry. 
 
▪ A fully comprehensive safety analysis for the laboratory environment was conducted to 
ensure lab practices are carried out in a way which puts no individuals at risk. The lab is 
amply fitted with safety signage throughout. These notices clearly inform people of the 
dangers present. A risk assessment can be seen in Appendix B. 
 
▪ The conventional microwave oven as well as the circuit diagram was studied to gain a good 
working understanding of how microwave ovens work. 
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▪ A simple proportional control system was created to control the heat of a lightbulb. This was 
done to get familiar with practical control systems as well as to understand the TRIAC 
switching capabilities used in previous projects. 
 
▪ Experiments were conducted on conventional microwave ovens to further understand the 
problem of hot spots generated by standing waves inside a multimode cavity. Mode stirrers 
and turntables were also investigated. 
 
▪ Initial microwave sterilisation tests were conducted with the Microbiology Department of 
Stellenbosch University. These experiments were carried out very early on in the project 
development cycle. This was done to get an understanding of microbiology practices and 
testing procedures which could influence the development of the system. 
 
▪ Simulations investigating single mode structures were conducted. The simulations aimed to 
predict microwave interactions so that the design could be “tweaked” and made the best it 
could be. This led to quicker project development as no time was wasted fabricating and 
testing faulty structures.  
 
▪ The chosen simulated structure was fabricated. 
 
▪ Investigation into temperature sensors, liquid pumps and motor drivers was conducted and 
a printed circuit board (PCB) was designed and built for this hardware.  
 
▪ Investigations into waveguide power sensing was conducted. This was necessary as the 
reflected power in the system could be harmful to the magnetron.  
 
▪ Investigation into the processing and sending of data was done so that a microcontroller 
could be selected.  
 
▪ A calibration procedure was designed for the system and implemented.  
 
▪ A control strategy was chosen and designed and implemented in software.  
 
▪ Final experimental system sterilisation tests were designed and conducted to determine if 
the experimental design would be successful.  
 
▪ The experimental system was further refined to remove non-essential hardware to create a 
minimum viable product.  
 
▪ Temperature sensors were attached to the magnetron as well as the high voltage 
transformer to determine the duration the system could operate for without over-heating or 
needing to be turned off.  
 
▪ A presentation of this project was planned and conducted at the Stellenbosch University 
Water Institute/Water Institute of Southern Africa (SUWI/WISA) mini-symposium on the 17th 
of October 2019. This was done to gain industry specific exposure and criticism. 
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1.5 Thesis Format 
1.5.1 Chapter 2 – Literature Study 
The literature studies presented in this section define and give an understanding into the 
background of radiation and positions microwave radiation in the electromagnetic (EM) spectrum. 
The literature also explores and introduces microorganisms and how they react to sterilisation 
methods. Finally, the literature highlights the phenomenon of the non-thermal microwave specific 
effect. 
1.5.2 Chapter 3 – Initial Experiments 
The content in this chapter gives specific insight into some of the practical problems surrounding this 
project. Magnetron power control experiments were conducted and sterilisation in a multimode 
cavity performed. Furthermore, sterilisation in a single mode cavity was attempted, yielding valuable 
lessons. 
1.5.3 Chapter 4 – Simulations and Applicator Design 
This chapter aims to show the evidence available when making design decisions with regards to the 
applicator. Modal patterns are understood mathematically and confirmed with electromagnetic 
simulations. Thermal coupled electromagnetic simulations are then presented to show the different 
heating patterns created. Moving media simulations are mentioned and a rigorous applicator design 
is presented. 
1.5.4 Chapter 5 – Experimental System Overview 
This chapter aims to illustrate all the different aspects of the project and how they relate to each 
other. The block diagram images specifically show the experimental system designed for this project 
relating to hardware, software and their interactions. 
1.5.5 Chapter 6 – Hardware 
This chapter shows the design decisions undertaken in this project with regards to: Microwave 
waveguide structures, media transport, power supplies and electronic hardware. The hardware in 
this section was designed in a modular fashion. This meant that further revision and optimisation of 
a specific area would be possible without disrupting the entire hardware system. 
1.5.6 Chapter 7 – Software 
This chapter shows the calibration steps taken to ensure accurate results were obtained from the 
system. The calibration includes the microprocessor’s analogue to digital converter (ADC), 
temperature sensors and software timing information. The chapter further discusses how data is 
packaged, sent and received and shows software flow diagrams. The chapter ends by highlighting 
various software packages used during the duration of this project. 
1.5.7 Chapter 8 – Control System Design 
This chapter starts off with a short literature study regarding control theory. The control system for 
this project was then designed and begins by identifying and deriving a mathematical model for the 
system. The control system specifications are stated. The designed control system was simulated 
and altered to meet the system requirements. Finally, the control system was implemented in a live 
test. 
1.5.8 Chapter 9 – Microbial Experiments 
This chapter gives details of the methods used to prepare the media which was tested in the 
continuous flow system designed for this project. A step by step experimental checklist is presented 
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which shows the apparatus used. The temperature responses for the treated media analysed and 
comments are made with regards to the control system designed. 
1.5.9 Chapter 10 – Recommendations & Conclusions 
This chapter discusses and highlights potential recommendations for further improvements to the 
system designed in this project. The chapter then draws conclusions relating to the overall system 
objectives outlined in chapter 1.  
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Chapter 2  
Literature Study 
2.1 Chapter Summary 
The literature studies presented in this section define and give insight into the different types of 
radiation and positions microwave radiation in the electromagnetic (EM) spectrum. Microwave 
radiation is discussed in further detail because of its useful properties when interacting with certain 
substances. The study further explains how to generate microwave radiation with the use of a 
magnetron and discusses various techniques used to control the output power of the magnetron.  
The chapter also explores the different types of microorganisms and shows typical growth 
characteristics as well as discusses how to kill microorganisms. Sterilisation methods are discussed, 
and sterilisation standards are outlined. 
Finally, the literature ends by highlighting the phenomenon of the non-thermal microwave specific 
effect and evidence for this is presented. 
2.2 Background to Radiation 
Radiation is the broad term given to energy which travels as a particle or as a wave [3][4]. 
2.2.1 Types of Radiation 
Particle radiation consists of atomic matter which has both energy and mass [5]. Atoms are made up 
of protons, neutrons and electrons. Protons and neutrons make up the atom’s nucleus and are 
positively charged. Orbiting the nucleus are negatively charged electrons [6]. These are illustrated in 
Figure 3. 
 
Figure 3 - Atom Diagram [7] 
2.2.1.1 Particle Radiation 
Particle radiation can interact with other atoms with enough energy to remove electrons from 
another atoms’ orbit. This violent chemical change can damage living tissue. Radiation of this nature 
is referred to as ionising radiation [8]. 
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2.2.1.2 Wave Radiation 
Wave radiation consists only of energy and has no weight [5]. These waves are characterised by 
frequency. The energy associated with the radiation is directly proportional to the frequency of the 
wave, this can be seen in the equation below: 
 E = ℎ𝑓 , (1) 
where E is energy, ℎ is Planck’s constant and 𝑓 is frequency [9]. Wave radiation is created when an 
atomic particle is forced to accelerate by an induced electric field. The nature of this movement 
creates an oscillating electric and magnetic field which travels at right angles to one another [10]. 
This is illustrated in Figure 4.  
 
Figure 4 – Graphical Representation of Oscillating Electric and Magnetic Waves [11, p. 2] 
2.2.2 The EM Spectrum 
The EM spectrum refers to categorising electromagnetic energy in relation to two extreme points. 
These points are characterised by wavelength and frequency. Figure 5 shows that the spectrum 
extends from very low frequency waves (< 50Hz) through to high frequency Gamma Rays ( >
1019Hz). 
 
Figure 5 – The Electromagnetic Spectrum [12] 
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2.3 Microwave Radiation 
The microwave region exists in between the infrared and radio wave regions of the EM spectrum. 
This region is roughly defined between 1 GHz and 300 GHz [13]. Magnetron tubes are commonly 
used in the generation of EM radiation. These tubes were initially used by the military for close-
range radar applications. After the Second World War, magnetron manufacturers desperately 
looked for alternative peacetime applications for microwave energy. By this stage it was common 
knowledge that radio waves could heat certain materials and this potential had been demonstrated 
before the war at the Chicago World’s Fair in 1933 [14]. Ultimately, attempts to find a new market 
for magnetron tubes led to a patent being filed in 1946 by Percy Spencer who described the ability 
to heat food with microwave radiation [14][15].  
2.3.1 Microwave Generation 
The magnetron is comprised of several key components placed together in specific orientations to 
generate oscillating EM fields. Figure 6 shows a labelled diagram of a common magnetron typically 
found today in commercial microwave ovens. 
 
Figure 6 – Magnetron Diagram [16] 
At the heart of the magnetron exists a copper rod known as the cathode (negative charge). This 
copper rod is suspended in a vacuum enclosed by a copper ring known as the anode (positive 
charge). Together, the cathode and the anode create an electric (𝐄)-field. The cathode has a filament 
made from a material which has a high electron emission when heated. An example of a material 
with this characteristic is thoriated tungsten which begins releasing free electrons when heated to 
2400 C [17]. The filament is heated when the magnetron turns on by applying a potential 
difference across the filament [18]. 
The free electrons have enough energy to move easily within the 𝐄-field as they are attracted to the 
anode. At this stage the free electrons can be visualised as a cloud of electrons which are randomly 
placed within the vacuum tube. This can be seen in the first image depicted in Figure 7. 
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Figure 7 – Electron Interactions Inside Magnetron Tube [19] 
The vacuum tube is then suspended between two strong permanent magnets. This subsequently 
means that the cloud of free electrons is now inside a magnetic (𝐇)-field. The 𝐇-field interacts with 
the accelerating electrons and causes them to spiral as they leave and return to the filament. The 
force experienced by the electrons is called Lorentz force [20]. This spiral creates a space-charge 
pinwheel which rotates around the cathode. This can be seen in the second image depicted in Figure 
7. 
The tips of the pinwheel interact precisely with the walls of the cut grooves on the inside of the 
anode’s copper ring. This can be seen in Figure 8 as each wall of a single groove will be made slightly 
more negative than the consecutive wall which is furthest away from the tip of the pinwheel. This 







Figure 8 – a) Positive Cycle b) Neutral Cycle c) Negative Cycle [18] 
Lastly, an antenna is placed within the cavities created by the shape of the anode. This allows the 
oscillating EM wave to get coupled out of the magnetron vacuum tube [21]. The microwave energy 
is now in a useable form. 
2.3.2 Microwave Power Control 
Commercial microwave oven magnetrons reach their -mode of operation when there is a potential 
difference between the anode and cathode which exceeds 3500 V [2]. 
With the fundamental understanding of the inner workings of the magnetron obtained by section 
2.3.1, if the 𝐄 or 𝐇-field can be controlled then the -mode of operation of the magnetron can be 
controlled. Alternatively, if the temperature of the filament is controlled, then the density of the 
electron cloud circulating the cathode can be controlled. Figure 9 shows the circuitry for a 
conventional microwave oven magnetron. 
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Figure 9 – Conventional Magnetron Power Supply [2] 
Methods used to control the 𝐄-field involve controlling the main supply voltage. This can be done in 
several ways: 
2.3.2.1 Duty Cycle Control 
This method aims to control the average anode current within the magnetron. This type of control is 
achieved by turning the magnetron “on” (at full power) for a period of time followed by a period of 
time where the magnetron is completely “off” (zero power). Although this type of control is very 
simple and effective, it may not be applicable for sterilisation purposes as the media can rapidly cool 
in the “off” cycles and thus not fully sterilise the media [2][22]. This means that particular care must 
be taken to ensure that the media is kept at the target temperature to ensure sterilisation. 
2.3.2.2 Variable Transformer Control 
This method physically lowers and increases the peak voltage at the output of the high voltage 
transformer. This type of control method is linear and may be adjusted accurately. The problem with 
this method is that a mechanical system is required to change the winding ratio of the transformer. 
This introduces mechanical wear and tear on the system and may also prove too slow for digital 
control [2][22]. 
2.3.2.3 TRIAC Control 
This method aims to alter the shape of the incoming mains sinusoidal signal. This method has an 
advantage over the normal duty cycle control method as the “off” periods are spread out through 
each half cycle of the signal. The disadvantage of this type of control is that it relies heavily on 
external circuitry such as zero crossing detection circuitry which is used to synchronise the TRIAC 
switching with that of the supply signal [2]. 
This method, however, can introduce unwanted higher order harmonics into the system which could 










Figure 10 - a) Duty Cycle Control Waveform b) TRIAC Control Waveform 
Figure 10 graphically illustrates the difference in wave shape between the duty cycle control wave 
form and the TRIAC control waveform. 
2.3.2.4 Inverter Power Supply Control 
This type of power supply thrives by being able to switch at higher frequencies. These power 
supplies are much smaller than conventional microwave power supplies and can be accurately 
controlled. The control technique implemented with these power supplies is similar to that of the 
duty cycle control method, with the added benefit that the “on” and “off” cycles can be a lot closer 
together. This method, however, does not make use of conventional microwave oven parts [2][23]. 
This type of power supply is currently being introduced to commercial microwave ovens and works 
by taking the main alternating current (AC) supply and converting it to a direct current (DC) signal for 
the magnetron tube [24]. 
2.3.2.5 Variable Electromagnet Control 
This technique aims to alter the 𝐇-field created by the strong permanent magnets within the 
magnetron. This method of control is very expensive because strong electromagnets are required 
and must be installed in an orientation which opposes the permanent magnets. These 
electromagnets also need to be powered by an external power supply [2][22]. 
2.3.2.6 Saturable Reactor Control 
This method aims to control the output power by controlling the anode current of the magnetron. 
This method is commonly used in lower power magnetron applications [22]. 
The premise that this control uses is based on the fact that voltage-current relationships are non-
linear when transformer core saturation is achieved [25]. A series resonant circuit can be derived 
from Figure 9. The transformer can be modelled as an ideal transformer with a series inductor (𝐿). 
Similarly, there exists some form of series resistance (𝑅) and the circuit is completed with the high 
voltage capacitor (𝐶). The equivalent resistor, inductor, capacitor (RLC) circuit is shown in Figure 11 
below. 
 
Figure 11 - RLC Equivalent Circuit [26] 
 
Stellenbosch University https://scholar.sun.ac.za




To understand how this circuit can be characterised in order to control output power, the total 
impedance (𝑍𝑇𝑂𝑇) needs to be considered [26]: 
 
 𝑍𝑇𝑂𝑇 = √𝑅
2 + 𝑋𝑇𝑂𝑇
2  , (2) 
where  
 𝑋𝑇𝑂𝑇 = |𝑋𝐿 − 𝑋𝐶| , (3) 
and  
 𝑋𝐿 = 𝐿 , (4) 
 𝑋𝐶 = −
1
𝐶
 , (5) 
where: 
  = 2𝑓. (6) 
Figure 12 below shows how the capacitive and inductive elements change their impedance with 
respect to frequency. Figure 13 to the right of Figure 12 shows how the value |𝑍𝑇𝑂𝑇| changes with 
respect to frequency. 
 
Figure 12 - Capacitive and Inductive Impedance Versus 
Frequency [26] 
 
Figure 13 - Capacitive and Inductive Impedance Combined 
Versus Frequency [26] 
 
Figure 13 shows that |𝑍𝑇𝑂𝑇| is at a minimum value when 𝑋𝐿 = 𝑋𝐶. The frequency at this point is 
known as the resonant frequency (𝑓𝑟) and can be derived to have the following relationship within 
the resonant circuit as: 






It can be seen from Figure 14 that at the resonant frequency, the circuit current is at a maximum. 
This subsequently also means that the circuit can operate at maximum power. 
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Figure 14 - Current vs Resonant Frequency [26] 
 
Figure 15 - Current vs Resonant Frequency (The effect of R) [26] 
Figure 15 shows the effect of the series resistance and that it is desirable to keep the value of 𝑅 as 
small as possible to yield the greatest output current and power. 
The resonant frequency in commercial domestic microwave ovens is usually designed to be 15% 
higher than that of the incoming supply frequency [22]. This means that the circuit is operating 
slightly below full power and the resonant circuit is more capacitive.  
To use this theory in a live control system would require the ability to control the saturation of the 
reactor core. This can be done by a means of DC winding around the reactor core which is 
orthogonal to the AC winding. The effect of this configuration means that if a variable current flows 
through the DC winding it will send the reactor core into different stages of saturation thus allowing 
the power to be controlled variably [25]. This theory can also be used as a fixed power limitation if 
particular care is taken when choosing the values in the RLC circuit. 
To create a fixed power limiter, Equation 7 on the previous page, illustrates that if the capacitance 
value is made smaller, the resonant frequency will rise and subsequently results in a decrease in the 





Figure 16 - a) System Input Power, b) Magnetron Output Power [20][22] 
Note that the “Phase Angle (Degrees)”, seen on the x-axis of Figure 16, relates to the firing angle of a 
TRIAC as the magnetron used in [2][23] was further controlled in this manner.  
2.3.3 Microwave Heating 
The Industrial, Scientific and Medical (ISM) frequency bands are pre-determined frequency ranges 
defined by the International Telecommunications Union (ITU). These frequency bands are set aside 
for radio frequency uses other than telecommunications [27]. 
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Microwave heating is commonly around the 2.45 𝐺𝐻𝑧 ISM band. This band, however, also 
accommodates induction heating and various other communications methods such as WiFi and 
Bluetooth [27]. 
2.3.3.1 Polarisation Theory 
Microwave heating is a by-product of how microwaves interact with a dielectric medium. The 
applied electric field across this dielectric medium causes the electrons surrounding the nucleus of 
an atom to disperse within the atom in such a way as to give the atom positive and negative edges 
opposite each other. This effect is called polarisation and the displacement is called the “dipole 
moment” of the atom [2]. This can be seen in Figure 17 below. 
 
Figure 17 – Orientation of Polarised Molecules in an Electric Field [28] 
Since the magnetron is producing an oscillating EM wave, the atomic particles are subsequently 
always trying to align themselves with the changing electric field [29]. This means that the atoms are 
physically rotating back and forth in the presence of the electric field. The act of the motion 
described overcomes frictional forces on an atomic level, which has the by-product of heat [28]. 
2.3.3.2 Advantages and Disadvantages of Microwave Heating 
Microwave heating has multiple proven benefits over other conventional heating systems [2]. These 
benefits include steep temperature gradients which result in rapid heating [2]. Rapid heating often 
means that treatment times are shortened [2][28]. The shorter treatment times of microwave 
heating have several advantages for the food processing industry. These benefits include better 
product taste, texture and leaves the product with more nutrients when compared to other 
conventional heating types [2]. 
Microwave heating has the benefit of selectively heating what is inside the treatment chamber. This 
is because the microwave radiation specifically polarises the water molecules present. This means 
that the actual media rises in temperature whilst the container itself is not directly heated by the 
microwave treatment [2][28]. Microwave heating can also evenly heat any shape of medium 
provided that the depth of the medium is smaller than that of the penetration depth of the 
microwaves [2][28]. These key advantages further result in a higher heating efficiency (80% and 
higher) and can be precisely controlled [28]. Lastly, microwave heating has the benefit of being silent 
and does not directly produce a waste product or exhaust gas [28]. 
Microwave heating has a few undesirable characteristics. These include the fact that un-even 
heating will be achieved if standing waves are present inside the treatment chamber. Secondly, 
“edge over-heating” can occur where objects with sharp edges get hotter than the bulk material 
because superposition of the waves happens at the edges of the material [2]. Thirdly, electrical 
discharge can easily occur if conductive materials are placed inside the treatment chamber [28]. 
Lastly, leakage microwave radiation is harmful to living organisms. This means that a faulty system 
has the potential to put human beings at risk [2]. 
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2.3.3.3 Factors Influencing Microwave Heating 
2.3.3.3.1 Dielectric Properties 
The ability for a material to absorb microwave energy is directly proportional to the amount of 
penetration the microwaves can achieve through a material. Some materials are transparent to 
microwave energy and some materials are reflective to microwave energy. To determine whether a 
material is transparent to microwaves or not, it is often helpful to look at the dissipation factor 
which is defined by Equation 8 below [30]: 
 𝑡𝑎𝑛 =  
″
′
 , (8) 
where ′ is the dielectric constant which is determined by the ability for a material to be polarised by 
an external 𝐄-field and subsequently hold energy within the material [30].The variable ″ is the 
dielectric loss factor which is determined by the ability for a material to release the absorbed energy 
as heat [30]. 
Large values of 𝑡𝑎𝑛 mean that the material is very absorptive to microwave energy, which means 
materials with this property will heat up [30]. Small values of 𝑡𝑎𝑛 mean that the material is 
transparent to microwave energy, which means materials with this property do not heat up. 
Materials with these properties are best suited when used as the containers for the item that is to 
be treated by microwave energy [30]. 
2.3.3.3.2 Moisture 
Liquid water is strongly polar. This means that it can absorb microwave energy easily. When liquid 
water is mixed with other materials, it is then called absorbed water. The dielectric properties of 
liquid water and absorbed water are very different. The maximum heating capacity for liquid water 
occurs at 18 GHz whereas the maximum heating capacity for absorbed water can occur well below 
that [22]. 
Absorbed water exists in two states. The first state is called free water, which is found in capillaries 
and cavities (free space). Free water has a much higher dielectric constant as the water molecules 
are free to rotate. The second state is called bound water, which has a lower dielectric constant as 
the molecules are less rotationally free [22]. 
2.3.3.3.3 Volume 
The volume or mass of a material is directly proportional to the amount of microwave power which 
can be absorbed. There also exists a minimum volume which should be present in the treatment 
chamber. This volume will absorb microwave energy and means less power will be reflected. 
Reflected power can damage the magnetron. The general rule of thumb for adequate absorption is 
250 ml of water for every 1 kW of microwave power [31]. 
2.3.3.3.4 Geometry and Location 
The shape of the material can have a significant effect on the effective absorption of microwave 
power. If the material has non-uniform thickness, then it will lead to non-uniform heating. For the 
greatest heating profile, the surface area to volume relationship needs to be maximised [31].  
2.4 Microorganisms 
Microorganisms account for a large majority of the Earth’s living matter and play a key role in its 
ecosystem [32]. There are seven categories into which these microorganisms can be divided. They 
are:  fungi, algae, viruses, protozoa, archaea, multicellular parasites and bacteria. Although most of 
these organisms live in symbiosis with their environment and respective hosts (e.g. plants and 
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humans), some of them can be pathogenic. Cell structures of microorganisms can be described as 
unicellular, multicellular or as cell clusters [32]. 
2.4.1 Types of Microorganisms  
The types of microorganisms which are usually associated with food spoilage are fungi, bacteria, 
bacteriophage (a type of virus) and protozoa [31]. These microorganisms will be looked at in more 
detail throughout this section. 
2.4.1.1 Protozoa 
Protozoa are unicellular microorganisms which account for the majority of microorganisms in the 
world based on numbers, biomass and diversity [32]. They are categorised into four main 
subsections and are defined by the way in which they move. The first being flagellates which have a 
whip-like structure. The second being ciliates, which have small pulsing hair-like structures. The third 
is amoeboid, which have temporary protrusions from the surface of the structure which they use for 
movement. The fourth is sporozoans, and do not move by their own means. Protozoa cells have a 
nucleus and their cell wall is made from cellulose [32]. 
2.4.1.2 Bacteria 
Bacteria are unicellular microorganisms described as prokaryotic cells which means that they do not 
have a nucleus surrounded by cell membranes [32]. These cells reproduce by a means of binary 
fission (microbial count doubles every reproductive cycle) [2]. Most bacteria have a peptidoglycan 
cell wall structures [32] which means that they contains glycosaminoglycan chains with short 
peptides [33]. 
2.4.1.3 Fungi and Fungal Spores 
Fungi are mostly multicellular microorganisms which absorb organic material from their 
surroundings. They are called eukaryotic cells, which means they have a nucleus surrounded by cell 
membranes [32]. The cell walls are comprised of chitin and they reproduce by a means of unicellular 
spores [34]. 
2.4.1.4 Bacteriophage (Virus) 
Bacteriophages are a type of virus which infect bacteria [31]. Viruses are non-cellular and simply 
consist of DNA surrounded by protein. These microorganisms are not technically “living” as they 
require a host (bacteria in this case) in order to survive [32]. Viruses tend to infect prokaryotic and 
eukaryotic cells [32]. 
2.4.2 Bacterial Growth Characteristics 
Binary fission, discussed in section 2.4.1.2, can occur as regularly as every twenty minutes, or as long 
as eighteen hours. These times depend on what type of bacteria is being considered and the 
environment in which the bacteria is trying to live [2]. 
The general growth characteristics for bacteria observed in a closed environment [1] are displayed in 
Figure 18 below and consist of four main stages. 
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Figure 18 - Bacterial Growth Curve [35] 
The Lag Phase occurs because the bacteria needs to adapt to its new environment and to source 
nutrients [2].  
The Exponential Phase occurs once the bacteria have acclimatised to the new environment and have 
the required nutrients to start metabolic processes for binary fission. The constant logarithmic 
increase in cells is called the “generation time” [1]. This is the growth phase where most bacterial 
research is carried out [2]. 
The Stationary Phase occurs because there is a depletion of nutrients and limited space for further 
bacterial growth. It cannot be determined whether or not the growth rate at this point is equal to 
the death rate, or if no new growth occurs at all at this stage [1]. 
The Death Phase occurs because the nutrients in the environment have been fully depleted and the 
bacteria are seen to die at the same constant generation time seen in the exponential phase [1][2]. 
2.4.3 Understanding How to Kill Bacteria 
The bacterial cell consists of multiple different parts which all contribute to a healthy life span for 
each cell. The cell structure of a typical bacterium is shown in Figure 19 below. The cell wall, 
cytoplasmic membrane, nucleoid and ribosome will be focussed on. 
 
Figure 19 - Bacterial Cell Diagram 
2.4.3.1 Cell Wall 
The cell wall is responsible for giving the cell and all its contents strength to hold their shape. The 
material that makes up the cell wall is discussed in the section above and in simple terms, consists of 
protein-sugar molecules. Without the cell wall, the cell would burst when differences in osmotic 
pressures occur between the cytoplasm and the environment [36]. 
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There are two basic types of bacterial cell wall structures. These are called Gram-positive and Gram-
negative. Gram-negative cell structures have an extra outer membrane. This outer membrane is 
made from complex lipopolysaccharides that help the bacteria become more resistant to external 
substances in their environment, such as antibiotics [37]. Figure 20 illustrates the differences 
between Gram-positive and Gram-negative. 
 
Figure 20 - Gram Positive vs Gram Negative [37] 
The difference in cell wall structure means that cells will react differently to changes in the 
environment [1]. 
2.4.3.2 Cytoplasmic Membrane 
The cytoplasmic membrane occurs in other living cells and is composed of phospholipids and 
proteins. The membrane facilitates and regulates the flow of material in and out of the cell. This 
membrane has the ability to adapt to the environment [36]. 
2.4.3.3 Nucleoid 
The nucleoid is the region in the cytoplasm where chromosomal DNA is found. This is essential for 
cell reproduction [36]. 
2.4.3.4 Ribosome 
Ribosomes are found in all cells. Their job is to take genetic code from nucleic acid in the DNA and to 
transform it to proteins. This happens through the process of transcription (DNA to messenger RNA) 
and translation (decoding of mRNA sequence to chains of polypeptides and proteins). Protein 
molecules are essential in most functions required by a cell to live [36]. 
2.4.3.5 Protein Structure 
It is known that a cell will collapse and die above certain threshold temperatures. The simplest 
answer to why this occurs is that proteins are paramount to life [38]. Biophysicist, Professor Paola 
Picotti, conducted a series of experiments to determine the differences in protein stability and how 
that relates to the life of a cell [38]. 
To understand how proteins can become unstable, one must first understand how proteins are 
made. The proper conformation of a protein refers to a protein’s 3-dimensional folded structure. 
Conformational stability refers to the various forces which keep a protein in its correct 3-
dimensional shape [39][40]. 
There are four key levels of protein structure. The primary level consists of amino acids bonded 
together via peptide bonds. Multiples of these bonds form a linear sequence of polypeptide bonds 
[40]. 
The secondary level of protein structure refers to how the linear sequence folds up on itself and 
stabilises with hydrogen bonds. This can take the form of a coil called an alpha-helix or it could take 
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the form of a beta-sheet which can have parallel or anti-parallel polypeptides bonded together. This 
level is referred to as backbone interactions [40]. 
 
Figure 21 - How Protein is Formed [41] 
The tertiary level of protein structure refers to a higher order of folding which is also stabilised with 
hydrogen bonds, along with Van der Waals interaction, hydrophobic packing and disulfide bonding. 
This level is referred to as distant group interactions [40]. 
The quaternary level of protein structure describes how individual protein sub-units interact with 
each other to create proper conformation of a protein. These interactions are stabilised in the same 
manner as the tertiary level [40]. Figure 21 above shows a basic understanding of what this might 
look like. 
If any of the levels described above are disrupted, the protein will lose its shape and not function 
properly [39]. 
A fifth level which also aids in keeping proteins in their correct shape exists in the solution shell [39]. 
This concept is illustrated in Figure 22 below whereby a protein molecule inside a cell will be 
surrounded by a watery environment. The protein amino acids have a net positive charge and the 
water molecules surrounding them are polar. This means that the water molecules can orientate 
themselves in a way that stabilises the positively charged protein [39]. The red circles in the diagram 
show the positive negative coupling effect. 
 
Figure 22 - Protein Interactions with Solution Shell 
Picotti found that one of the clearest observations showed that not all the proteins unfolded with an 
increase in temperature. Picotti further stated that only a small sub-set of key proteins all collapsed 
very early. These proteins are essential to the life of the cell and without them, the cell will 
inevitably die [38]. 
Picotti also observed that heat resistant cells, which start to die around 90 C, had protein structures 
that were very short when compared to that of Escherichia coli (E. coli), which starts to die around 
40 C [38]. 
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Sterilisation is the process of removing or destroying all living microorganisms. This means that 
complete sterilisation will destroy yeasts, moulds, spores and bacteria [31]. This definition of 
sterilisation, however, may not actually be desirable in the food processing industry as not all 
microorganisms are harmful to humans. From this, it can be said that the key principle regarding 
sterilisation in the food industry is to ensure that the treated product is free from microorganisms 
which can cause food-poisoning in consumers or which can spoil the product before consumption 
[31]. 
2.5.1 Sterilisation Methods 
Sterilisation can be achieved by various ways depending how the material to be treated reacts to the 
different methods. Some of the key methods used in sterilisation include heat treatment, filtration 
and sterilisation via chemicals. 
2.5.1.1 Heat 
Heat sterilisation is the most common form of sterilisation. There are multiple different ways in 
which a treatment sample can be heated. In broad terms, heat can be categorised as wet heat and 
dry heat [1]. 
Wet heat includes boiling and steaming [1]. Some boiling chambers such as a retort are used for in-
package sterilisation [42] and some steaming chambers are called autoclaves. Autoclaves are 
commonly used to sterilise lab equipment [1]. 
Dry heat includes flaming, incineration, dry air ovens and radiation. Flaming and incineration are 
processes by which microorganisms are exposed to open flames to physically burn. Dry air ovens are 
sealed containers which circulate hot air for a desired amount of time at a specific temperature. 
Radiation treatments can be non-ionising (Microwave treatment) or ionising (X-rays and Gamma-ray 
treatments) [1]. 
2.5.1.2 Chemical 
Chemical sterilisation techniques have a couple of desirable advantages over other sterilisation 
techniques. These include the ability for chemicals to kill heat-resistant organisms and can do so at 
low temperatures. This process, however, can take a long time and particular care must be taken to 
ensure that the chemical is able to contact the treatment sample completely. Another disadvantage 
is that some of the chemicals used are harmful to humans and thus strict safety procedures must be 
followed [1]. 
Ethanol can be used to sterilise tools and lab equipment as well as sterilise growth media from the 
lab so that it can be discarded safely [1]. Ethanol works by denaturing proteins. This is consistent 
with observations that the ethanol destroys the dehydrogenases of E. coli. E. coli can be destroyed in 
10 seconds by a concentration of ethanol of 40% − 100%. Furthermore, concentrations of ethanol 
between 60% − 100% are deadly to viruses like influenza and human immunodeficiency virus (HIV) 
[43]. 
Ethanol is not recommended for medical/surgical use alone. This is because ethanol does not kill 
spores and has difficulty penetrating protein rich materials [43]. 
2.5.1.3 Filtration 
Filtration can prove to be a very successful mode of sterilisation with the benefit of being able to 
sterilise heat-sensitive materials. This is done with special bacterial filters, where the pore size is 
smaller than a single bacterial cell. This process can be extremely slow, especially when the filter 
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becomes blocked. Filtration of this type could be very costly and particular care must be taken to 
ensure no contamination occurs when filters are changed as this is when ruptures or leaks could 
occur at the seams [1]. 
2.5.2 Sterilisation in the Laboratory 
The validity of all microbial growth experiments relies heavily on the ability to start experiments with 
as clean and sterile environment as possible. This not only means starting with a sterile environment 
but maintaining a sterile environment throughout the test. Lastly, it is important to leave the 
environment sterile once the experiment has been completed. This can be achieved by ensuring that 
all equipment used is autoclaved, keeping the air around the experimental set-up sterile and using 
uncontaminated media [44]. 
2.5.2.1 Autoclave Equipment 
This is an application of wet heat as discussed in section 2.5.1. The reason this is done is to create 
sterile working equipment with the aim of not cross-contaminating or introducing microorganisms 
which are not part of the testing set-up [30][33]. 
All waste microbial material should be sterilised before being discarded. This is commonly done in 
the laboratory autoclave [44]. 
2.5.2.2 Laminar Flow Cabinet 
Laminar flow describes the movement of a liquid or a gas which travels smoothly. This means that 
the individual particles do not really mix as everything travels in regular paths [45]. Figure 23 below 
shows how air flows through this cabinet. 
 
Figure 23 - Laminar Flow Cabinet Diagram (Side View) [46] 
Position 1 in Figure 23 accepts external air which is then pushed through a filter at position 2 
creating a steady downward laminar air flow. Position 3 allows some of the clean air to be 
recirculated (in a bid to extend the filters life expectancy). This is done by a process called “back 
plenum”. Position 4 has a steady stream of filtered air exiting the cabinet. This laminar flow doesn’t 
allow external unfiltered air to enter at position 4 [46]. Furthermore, the cabinet is sterilised before 
use with ultra violet (UV) light [1].  
2.5.2.3 Ethanol 
A 70% solution of ethanol should be used to wipe down all surfaces that are going to be used in the 
experiment. Once the surface has been wiped, it should be left to “air dry” and not be “wiped dry”. 
This will ensure that all microorganisms on the surface are destroyed [44]. Ethanol can also be 
sprayed on anything before it is placed in the sterile workspace, even the users’ gloves and forearms 
[1]. 
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2.5.2.4 Ultrapure Water 
Ultrapure water, also known as Milli-Q® water, has been purified by a process of reverse osmosis 
and de-ionised. This water is ideal for laboratory experiments as it does not contain any 
contaminants [1]. 
2.5.2.5 Bunsen Burner 
Lighting a Bunsen burner and turning the flame to a blue cone is another good method to keep the 
air around the work environment sterile. The heat from the flame will create an updraft which will 
stop any contaminants from falling in the immediate work area. The Bunsen burner can also be used 
for flaming (discussed in section 2.5.1.1) the rims of containers which are opened and closed to 
further ensure no cross-contamination can take place [44]. 
2.5.2.6 Typical Experiment Environment 
Figure 24 below shows a typical sterile working area in the laboratory. 
 
Figure 24 - Lab Equipment Inside Laminar Flow Cabinet [1] 
How calmly personnel move their physical body around the laboratory is also important. Sudden 
movements in the vicinity of the laminar flow cabinet could create a turbulent air flow inside the 
laminar flow cabinet negatively impacting the experiment within [44]. 
2.5.3 Sterilisation Standards 
According to the World Health Organisation (WHO) and the Food and Agriculture Organisation 
(FAO), commercial sterility is defined as “the absence of microorganisms capable of growing in the 
food at normal non-refrigerated conditions at which the food is likely to be held during manufacture, 
distribution and storage” [47][48]. 
Sterilisation efficiency can be expressed as the number of decimal reductions in microbial 
populations. This arises because not all organisms will die all at the same time. This means that 
graphs can be created which assess the amount of organisms existing before treatment, and after 
various treatment times [48]. Figure 25 below shows what these graphs typically look like where 𝑁 is 
the number of organisms present in the media before treatment. 
The value of 𝐷 is called the decimal reduction time and is the amount of time required to reduce 𝑁 
by 90% (one logarithmic reduction) [48]. The 𝑍 value is a measure of the amount of increase in 
temperature to alter the 𝐷 value by a factor of one logarithmic unit [48]. 
Low acid foods are defined as having a pH greater than 4.6. This pH value is important for food 
processing because the organism Clostridium botulinum thrives in environments with this criterion 
and poses a significant public health issue if it not destroyed before consumption. This organism has 
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an acceptable level of sterilisation of 12 logarithmic reductions (1 in every 1012 products will 





Figure 25 - a) Number of Spores vs Time, b) D-Value vs Temperature 
An organism responsible for food spoilage by mesophilic spore formers (spores which thrive at 
moderate temperatures) is PA 3679, which is a strain of C. sporogenes. This organism has an 
acceptable level of sterilisation of 5 logarithmic reductions. Thermophilic spore formers (spores 
which thrive at high temperatures) have an acceptable level of sterilisation of 2 logarithmic 
reductions [31]. 
Processing times always vary and, as a result, safety factors are built into all sterilisation set-ups 
which leads to food products being heated for longer than they need to be which increases the 
energy cost of sterilisation and decreases product quality [31]. 
2.6 Non-Thermal Microwave Effect 
The non-thermal effect is a phenomenon which arises due to the fact that experimental results 
cannot be explained completely by thermal destruction alone. The term “non-thermal” is misleading 
and should actually be thought of as “microwave specific effects” [49]. 
The existence of the effect has been proposed by multiple authors. For example, Jacques Berlan [50] 
observed faster cycloaddition reactions when the medium was heated by microwave energy when 
compared to conventional heating techniques [51].  
Further microwave specific effects can be seen in the sterilisation industry when E. coli was exposed 
to microwave radiation at 2.45 GHz. The temperature was controlled from room temperature to 
37 C. This test was repeated using conventional heating techniques for the same duration as the 
previous microwave test. The findings of this experiment showed that cell membrane modifications 
were present in the microwave test and not the conventional heating test [49]. Furthermore, the 
microwave test was conducted at different peak power levels. The results from this test showed that 
a power level of 200 W did not have an effect, however, power levels greater than 400 W did have 
an effect. It should also be noted that no real difference was observed for power levels between 
400 W and 800 W [49]. 
In conclusion, these tests present compelling evidence that microwave heating is different to 
conventional heating and that “something” must be happening in the presence of microwave 
radiation. It is very difficult to isolate the thermal effects from the non-thermal effects. It is proposed 
that to gain the greatest insight into the understanding of the microwave specific effect is to stop 
measuring bulk solution temperatures and to rather find a way to measure individual molecules on a 
cellular level [49].  
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Chapter 3  
Initial Investigation 
3.1 Chapter Summary 
This chapter aims to highlight the initial experiments which were conducted to gain a better practical 
understanding of potential system designs. Experiments were carried out with various TRIAC 
waveform switching strategies to ascertain whether the issue of the double transformer could be 
solved. A multimode cavity was analysed and used in the first sterilisation experiments. A single 
mode, batch experimental system was set up and used for the second sterilisation test. The second 
sterilisation test yielded important design information for this project moving forward. 
3.2 Magnetron Power Control Experiments 
Previous EHG works used conventional TRIAC control waveforms. However, the issue highlighted 
when doing this is that the filament in the magnetron is unable to get enough current to reach the 
required temperature to create the electron cloud discussed in 2.3.1. The solution to this problem 
was to introduce another transformer which remains uncontrolled to keep the filament at the 
designed temperature. The altered high voltage supply can be seen in Figure 26 below. 
 
 
Figure 26 - Dual Transformer High Voltage Set Up [2] 
The nature of the non-sinusoidal TRIAC current signal caused the anode transformer to heat up 
excessively. High levels of heat in a transformer could lead to insulation failure and subsequent 
failure of the entire transformer [2]. The solution to this problem may have been to buy a new, 
properly rated transformer for the non-sinusoidal signal, however, this could be prohibitively 
expensive. The alternative solution for this overheating problem was to reduce the input power by 
means of a fixed saturable control technique discussed in section 2.3.2.6. This solution lowered the 
transformer temperatures to an acceptable level. 
3.2.1 TRIAC Control Experiments 
The aim of this section was to implement various switching techniques to ascertain whether a single 
transformer could be used in conjunction with a TRIAC. 
3.2.1.1 Switching Techniques 
A conventional microwave was investigated to get a better understanding of how the oven regulates 
its output power. The investigation led to the result that the oven always outputs a maximum 
magnetron power peak on every negative half cycle. The switching is done by a mechanical timer 
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which turns the oven “on” for a set duration and then “off” for a set duration. The rate at which the 
switching is done is very slow (roughly 15 𝑠 “on” and 10 𝑠 “off”) depending on the microwave 
setting. 
The first switching technique created in the software was designed to mimic what the mechanical 
switch was already doing. This worked successfully, however, this form of duty cycle control would 
not work for sterilising applications (discussed in section 2.3.2.1). 
The second switching technique implemented was to reduce both the “on” and “off” times of the 
first technique. The waveform for this technique can be seen in Figure 10 a). This caused the 
transformer to vibrate loudly and heat up rapidly. 
The conventional microwave circuit was further studied. It was found that the high voltage 
capacitor, in conjunction with the diode, created a voltage doubling effect. This meant that on the 
positive half cycle the capacitor is charged to 2000 V and the negative half-cycle created a potential 
difference across the magnetron of roughly −4000 V as the capacitor discharges. A third switching 
strategy was then designed to cut out the negative half cycle in a bid to not turn the magnetron on 
while maintaining enough current to keep the filament at the desired temperature. The wave form 






Figure 27 - a) Negative Half Cycle Switching b) Positive Half Cycle Switching 
Switching strategy number three caused an 8 A safety fuse to break after only a couple of seconds. 
The experiment was further conducted by implementing the waveform seen in Figure 27 b) above, 
which also broke the protection fuse. 
In conclusion, it was decided that the problem of the second transformer was not going to be solved 
by any forms of TRIAC switching techniques. 
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3.2.1.1 Magnetron Output Power Waveforms During TRIAC Switching 
The literature provided in section 2.6 highlights that the non-thermal microwave effect may be 
attributed to the peak power levels supplied by the magnetron. The power pulses produced by the 
magnetron were viewed on an oscilloscope at various percentages of TRIAC power switching. The 
actual values of the signals are not important for this explanation. Figure 28 shows the observations 



















Figure 28 - Magnetron Output Power Waveforms During TRIAC Switching a) 100% Power b) 50% Power c) 35% Power d) 
25% Power e) 20% Power f) 15% Power 
The shaded areas depicted in each of the six pictures of Figure 28 represent the power level for 
every magnetron power pulse. The larger the area, the larger the power contained in that pulse. The 
areas of each pulse clearly decrease as the conventional TRIAC switching strategy is implemented to 
regulate the output power of the magnetron. A typical temperature fed control system using 
magnetron power control will therefore start by applying the waveforms seen in a) and b). However, 
when the target media reaches the required temperature, it is possible that waveforms c), d), e) or f) 
may be enough power to maintain the steady state temperature for the duration of the test. The 
pulses in this case are low power which may result in the system not reaping the benefits of the non-
thermal microwave specific effect. 
3.2.2 Variable Saturable Reactor Technique  
This technique would rely on a variable capacitor. Variable capacitors are not manufactured for the 
voltage rating or even the capacitance values required by the conventional microwave circuit. A 
variable capacitor bank could be developed which used high voltage microwave capacitors and a 
mechanical switch to vary the capacitance across different series configurations of capacitors. This 
form of control has very similar drawbacks when compared to the variable transformer discussed in 
section 2.3.2.2. The variable capacitor bank route was not developed further. 
3.2.3 Other Control Ideas 
It is evident that a conventional microwave oven system is precisely designed for optimal use. This 
means that the best form of control may be to implement something which does not alter or effect 
the high voltage supply circuit. This could be done by changing the high voltage supply circuit 
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completely to a more efficient inverter type circuit (discussed in section 2.3.2.4), however, this 
would drastically increase the cost of the system. 
Another idea to control the power would be to implement something which could reflect incoming 
power away from the media in the treatment chamber. This can be achieved with the use of a 3-stub 
tuner. An example of this device can be seen in Figure 29 below. 
 
Figure 29 - 2.45 GHz 3-Stub Tuner [52] 
These devices are used in a manner to reduce reflected power seen at the magnetron [52]. This 
device, however, could be repurposed to reflect power away from the media in the treatment 
chamber. The drawback to this method was that all the diverted power would be seen at the 
magnetron. This form of power control therefore was not considered feasible. Furthermore, this 
method does not use conventional microwave components and adds areas for mechanical failure in 
the system. 
3.2.4 Variable Flow Rate Control 
The last form of control investigated at the inception of the project was the use of a variable flow 
rate system. By introducing this, instead of creating a lower average power by turning the 
magnetron “on” and “off”, it was proposed that the magnetron remains permanently “on” while 
media moves “in” and “out” of the treatment chamber. This process could be made to occur faster 
or slower depending on whether the media needs to cool down or heat up. This solution allows the 
previously designed microwave circuitry, built by microwave oven companies, to operate as 
intended by the original designers. Although this form of control will require a liquid pump, which is 
not a conventional microwave oven component, the nature of the aqueous media in this project 
means that a pump would be required regardless of the control technique chosen. 
3.2.5 Control Technique Conclusion 
In conclusion, it is proposed that a motorised pump be acquired which can be controlled by means 
of a simple duty cycle control waveform. This form of control is pursued in this project as it solves 
the problem of the overheating high voltage transformer due to the TRIAC switching and promotes a 
design which incorporates the possibility of the non-thermal microwave specific effects seen in 
literature (section 2.6). 
3.3 Baseline Sterilisation Experiment 
The aim of this experiment was to investigate the time required to uniformly heat various 
substances in a conventional microwave oven. The experiments were conducted with closed glass 
Petri dishes. A Petri dish is a flat-bottomed circular plate used to “culture” or grow microorganisms. 
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3.3.1 Determining Potential Cold Spots 
To get a good representation of how the microwave oven will interact with the Petri dish, a 
polystyrene disk was fitted with neon bulbs which glow in the presence of microwaves. This was 
used to find the optimum and most realistic place inside the microwave to place the Petri dish. 
Image a) in Figure 30 below shows the neon bulbs when the microwave is off. Image b) in Figure 30 
shows that the Petri dish is not in an optimal place as standing waves cause areas of null energy 
which will lead to hot and cold spots forming in the Petri dish. Image c) in Figure 30 shows the Petri 







Figure 30 - a) Microwave Off [53] b) Microwave On-Bad Positioning [53] c) Microwave On-Good Positioning [53] 
3.3.2 Determining Treatment Time 
The bottom of the Petri dishes were entirely covered by 10 ml of water. The method followed for 
determining the treatment times for various media was conducted by heating 10 ml of the media 
which was distributed uniformly on top of a closed Petri dish. The dish was then placed inside a 
microwave oven using the same place in the oven each time (a predetermined place was used so 
that each dish would be heated in the same way) to ensure consistency. The temperature was 
measured before and after cooking the dish in the microwave for various times using a thermal 
camera.  
The use of the thermal camera is necessary to find potential cold spots and subsequently ensure that 
the Petri dish is heated uniformly. 
The results of these experiments are documented in Appendix C. To summarise, the results show 
that a microwave oven can heat media rapidly to “lethal” temperatures for microorganisms. The 
results also show that all media behave differently in the presence of microwave radiation. The 
experiments showed that the precise location of “hot spots” are hard to predict inside the multi-
mode microwave cavity. 
3.3.3 The First Sterilisation Procedure and Results 
Tests were done using Lactococcus lactis, suspended in 2 ml of saline solution. The samples were 
made at the Microbiology Department of Stellenbosch University. The samples were collected, 
processed and returned. 
The processing consisted of applying microwave radiation to the samples for various periods of time. 
The microwave oven used was a 700 W 2.45 GHz Defy DMO 349. The samples were placed at the 
optimal location determined in section 3.3.1. 
After the microwave treatment, the samples were taken back to the Microbiology Department for 
dilution and plating. This was done to give the surviving Lactococcus lactis a chance to grow and 
form colonies of bacteria. Once enough time had passed, the colonies on the plates could be 
counted, and the results visualised. The fundamental aspect for determining cell viability was used 
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that every colony of bacteria counted, started as a single bacterial cell. The results can be seen in 
Figure 31 below. 
 
Figure 31 - Initial Sterilisation Results 
The 15 second microwave treatment shows a 99% reduction in bacteria as compared with the 
control. This experiment gives the rest of the project a baseline to improve upon.  
3.4 Experimenting with Single Mode Structures 
The microwave cavities in previous EHG works all used multimode cavities. This makes it inherently 
difficult to predict and simulate interactions inside the microwave chamber. Waveguides can be 
used to create a single mode of operation which has predictable properties that can be simulated. 
This section aims to sterilise media in a single mode environment while also gaining important 
knowledge when working in the confined space of a waveguide. The experimental system can be 
seen in Figure 32 below. 
 
 
Figure 32 - Experimental System with Flow Diagram 
The circulators (explained in section 6.2.4) are set up in such a way as to create a travelling wave 
between them. This was done to remove the need for a mode stirrer and/or sliding short. The 
travelling wave means that no matter where the treatment sample is placed, it will receive waves of 
maximum microwave energy. 
The samples consisted of 3 ml of Lactococcus lactis suspended in saline solution. The samples were 
put into glass test tubes and lowered into the chamber through a carefully calculated non-radiating 
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hole in the applicator. The temperature of the samples was monitored by an infrared pyrometer, 
namely Optris CSLTv2. 
The temperature of the sample was controlled by a simple proportional control system which 
altered the power with the TRIAC design from previous works. The results are tabulated in Table 1 
below. 
Table 1 - Single Mode Test Tube Sterilisation Results 













Control n/a* n/a* 574 7 0 5.74x107CFU/mL 
T1 - 60 C 
for 30 s 
n/a* 687 2 0 0 6.87x105CFU/mL 
T2 - 70 C 
for 30 s 
n/a* 39 0 0 0 3.9x104CFU/mL 
T3 - 80 C 
for 30 s 
n/a* 358 1 0 0 3.58x105CFU/mL 
T4 - 90 C 
for 30 s 
n/a* 158 1 1 0 1.58x105CFU/mL 
*Too many colonies to count #CFU/mL = colony forming units/ mL  
 
The results of these tests were not good for sterilisation purposes. One can speculate that the 
results are non-optimal due to some of the media forming droplets on the inside walls of the test 
tube. This would appear to have resulted in the media not being fully sterilised as the droplets did 
not enter the treatment chamber. This is evident from the inconsistent results observed at the 
different temperatures (Table 1), as higher heat is expected to result in less viable bacteria. This can 
be seen in Figure 33 below. 
 
 
Figure 33 - Test Tubes After Treatment 
This experiment also showed that the infra-red camera reads the temperature of the surface of the 
media’s container and not the media itself. This means that the change in media temperature is seen 
more slowly as the temperature change needs to first be conducted through the wall of the 
container. 
3.5 Chapter Conclusion 
The work illustrated in this chapter showed that the TRIAC power control technique was not going to 
fix the issue of the double transformer pair. The use of non-sinusoidal signals has too many inherent 
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losses when fed into a conventional microwave oven transformer. It is proposed that flow rate 
control strategies be used instead. 
The baseline sterilisation test showed that it was very hard to predict the interactions inside a multi-
mode cavity. This led to the necessity for a single mode system to be designed and simulated. 
The single mode experiment yielded the results that IR temperature sensors should be replaced by 
sensors which can be placed inside the target media. This will allow the control system in the final 
design to be as fast and responsive as possible. Lastly, it is of the utmost importance to ensure that 
all the media receives microwave treatment.  
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Chapter 4  
Simulations & Applicator Design 
4.1 Chapter Summary 
This chapter aims to show the evidence available when making design decisions with regards to the 
applicator. The chapter starts with a mathematical derivation intended to illustrate why different 
modal patterns exist. The modal patterns are then visualised through electromagnetic simulations. 
The interactions between the E-field and the target media is simulated and key concepts are learnt 
with regards to standing waves and travelling waves. Finally, the applicator used in this project is 
designed considering the important information learnt through coupled thermal and 
electromagnetic simulations. 
4.2 Understanding Modal Patterns 
In theory, there are an infinite number of ways in which EM waves can propagate inside an arbitrary 
waveguide. These ways are broken into three main subsections, namely: Transverse Electromagnetic 
(TEM), Transverse Magnetic (TM) and Transverse Electric (TE). TEM waves are categorised by having 
no 𝐄 or 𝐇 field in the direction of propagation (the 𝑧-direction in this project). TM waves 
subsequently have no 𝐇 field in the 𝑧-direction and TE waves have no 𝐄 field in the 𝑧-direction [54]. 
Since the EM waves provided by the magnetron are being used to heat up the media in this project, 
one needs to understand at which point these waves have the most energy. High energy points will 
have the greatest heating effect on targeted media. To understand EM waves, one can start with 
Maxwell’s equations [54]: 









 𝛁 ∙ 𝐃 = ρ , 
 
𝛁 ∙ 𝐁 = 0 , 
 
where 𝐄 is the electric field strength, 𝐁 is the magnetic flux density, 𝐇 is the magnetic field strength, 
𝐉 is the density of free currents (consisting of conduction current and convection current), 𝐃 is the 
electric flux density and 𝜌 is the volume density of free charges. 
To understand the modal patterns, one needs to consider the behaviour of EM waves in a source-
free region. This means that 𝜌 = 𝐉 = 0. Essentially, one is interested in how the wave propagates 
and not how it originated. This means that, in the simplest case, where the wave is propagating in a 
linear, isotropic, homogenous non-conducting medium [54], Maxwell’s equations can be reduced to: 








 𝛁 ∙ 𝐄 = 0 , 
 𝛁 ∙ 𝐇 = 0 , 
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where µ is the permeability and   is the permittivity. These equations are first order differential 
equations comprised of both 𝐄 and 𝐇 [54]. They can become second order differential equations of 
a single variable by taking the curl and considering the identity: 
 𝛁 ⨯ 𝛁 ⨯ 𝐀 =  𝛁 ∙ (𝛁 ∙ 𝐀) − 𝛁2𝐀 , (11) 
where 𝐀 is an arbitrary vector interchangeable with 𝐄 and 𝐇. 
The second order differential equations are: 
 𝛁2𝐇 − 
𝑑2𝐇
𝑑𝑡2
= 0 , 
(12) 





Equations in (12) can be further simplified by considering the identity in Equations (13 a). 
 𝐀(𝑥, 𝑦, 𝑧, 𝑡) = 𝑅𝑒[𝐀(𝑥, 𝑦, 𝑧)𝑒𝑗𝑡] 
𝑑
𝑑𝑡
𝐀(𝑥, 𝑦, 𝑧) = 𝑗𝐀(𝑥, 𝑦, 𝑧) (a) 
(13) 
 𝐀(𝑥, 𝑦, 𝑧, 𝑡) = 𝑅𝑒[𝐀0(𝑥, 𝑦)𝑒(𝑗𝑡−𝛾𝑧)] 
𝑑
𝑑𝑧
𝐀(𝑥, 𝑦, 𝑧) = (−𝛾)𝐀0(𝑥, 𝑦) (b) 
Which reduces (12) to: 
 𝛁2𝐇 + 𝑘2𝐇 = 0 , 
(14) 
 𝛁2𝐄 + 𝑘2𝐄 = 0 , 
where 𝑘 = √  and is known as the wave number [54]. 
Equations in (14) are homogenous vector Helmholtz’s equations. The variable ∇2 is 3-dimensional 
and can be broken into the addition of two parts: 
 𝛁2 = 𝛁𝑢1𝑢2
2 + 𝛁𝑧
2 , (15) 
   
where 𝛁𝑢1𝑢2 represents the cross-sectional coordinates, and 𝛁𝑧 =
𝑑
𝑑𝑧
 represents the longitudinal 
coordinates [54]. For an infinitely long rectangular waveguide using rectangular coordinates with 
width 𝑎 , height 𝑏 and 𝑎 > 𝑏 seen in Figure 34 below. 
 
 
Figure 34 - Rectangular Waveguide with Coordinate System [55] 
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Substituting Equation (15) and considering the identity in Equation (13 b), Equations in (14) reduce 
to Equations in (16): 
 𝛁𝑥𝑦
2 𝐻𝑧 + ℎ
2𝐻𝑧 = 0 , (a) 
(16) 
 𝛁𝑥𝑦
2 𝐸𝑧 + ℎ
2𝐸𝑧 = 0 , (b) 
where ℎ2 = 𝛾2 + 𝑘2. The values for ℎ which have solutions are called the characteristic values or 
eigenvalues [54]. 
For transverse electric (TE) waves 𝐸𝑧 = 0, which leaves Equation (16 a) to be solved for 𝐻𝑧 and we 
can write that: 
 𝐻𝑧(𝑥, 𝑦, 𝑧) = 𝐻𝑧
0(𝑥, 𝑦)𝑒−𝛾𝑧 , (17) 
where 𝐻𝑧
0(𝑥, 𝑦) must satisfy the second order partial differential equation highlighted in Equation 








0(𝑥, 𝑦) = 0 . (18) 
The solution for 𝐻𝑧
0(𝑥, 𝑦) must satisfy the boundary condition presented in  
Table 2 below: 
Table 2 - Boundary Conditions for TE waves in a Rectangular Waveguide [54] 
















= 𝟎                𝒂𝒕 𝑦 = 𝑏 
 
𝐻𝑧
0(𝑥, 𝑦) thus, has a solution given by Equation (19) below: 
 𝐻𝑧






𝑦) , (19) 
where 𝑚 and 𝑛 are real integers (i.e. 1,2,3…) and either 𝑚 or 𝑛 could be zero, but not at the same 
time. The eigenvalue ℎ also has the relationship provided by Equation (20) below: 










 . (20) 
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Equations in (19) and (21) can be used to sketch the shapes of various modal patterns inside the 
waveguide [54]. These shapes can be seen in Figure 35 below. The red arrows show areas of high 
energy and the blue areas show areas of low energy. 
 
 
Figure 35 - The First 12 Modes in a Rectangular Waveguide [56] 
 
Similar derivations can be done in cylindrical coordinates to show the shapes of the TE or TM modes 
in circular waveguides, shown in Figure 36 below. 
 
 
Figure 36 - The First 6 Modes in a Circular Waveguide [56] 
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Simulation packages like CST Studio Suite®, a 3D EM analysis software package, can be used to show 
the 3-dimensional modes and can save a lot of time when trying to visualise equations. CST Studio 
Suite will be used for further design of the applicator structure. 
4.3 Electromagnetic Simulations 
The derivation shown in Section 4.2 relies on a very simple set-up inside the infinitely long 
waveguide structure. The system built in this project is not an infinitely long waveguide and is 
instead a finite length waveguide cavity. This means that the boundary conditions in  
Table 2 change which, in turn, leads to the modal patterns changing. This section illustrates the 3-
dimensional modal patterns and behaviours for a finite length waveguide cavity through simulation. 
4.3.1 Empty Waveguide 
Figure 37 below shows the fundamental mode (𝑇𝐸10) for a rectangular waveguide. This is the mode 
with the lowest cut-off frequency. The simulation shows that the electric field is oscillating and that 








Figure 37 - Fundamental Mode for Rectangular Waveguide Shown in 3-D a) Phase Angle = 0  b) Phase Angle = 45               
c) Phase Angle = 90 
Starting from Figure 37 a), the E-field has maximum energy. Close inspection shows that the 
magnitude of the E-field decreases to a minimum seen in c). The magnitude of the E-field then 
increases to a maximum again from a phase angle 90  to 180 (where a phase angle of 180  looks 
like that in a) however the direction of the E-field has “flipped”). 









Figure 38 - Fundamental Mode for Circular Waveguide Shown in 3-D a) Phase Angle = 0  b) Phase Angle = 45                      
c) Phase Angle = 90 
The simulations above were conducted with vacuum filled waveguides and the structures were 
made from perfect electrical conductors (PEC). The simulations consisted of a single port radiating 
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into a waveguide which is terminated by a short circuit. This is the definition of the perfect case for 
simulations which speeds up the solving time.  
4.3.2 Changes in Field State due to Dielectric (Water) 
The simulation software is able to make graphical representations of what is happening inside the 
waveguide and visually demonstrate the interactions between EM fields and the dielectric medium 
placed inside the waveguides. Figure 39 shows what happens to the E-fields when a coiled water 





Figure 39 - E-field Interactions Inside Waveguides with Water Coils a) Rectangular Waveguide b) Circular Waveguide 
The E-fields behave drastically differently when compared with the previous empty waveguide case. 
Figure 39 a) and b) should be comparable to Figure 37 a) and Figure 38 a) respectively as the phase 
angle in these images are the same. The dielectric inside the waveguides causes additional 
reflections, which change the shape of the E-fields. 
4.4 Coupled Thermal and Electromagnetic Simulations 
CST Studio Suite can couple EM simulations with thermal simulations. This means that one can see 
exactly how a dielectric will heat up directly due to the microwave source. This section focusses on 
the different heating patterns produced by rectangular and circular waveguides for different 
dielectric shapes. The waveguides simulated in this section both have the same length in the 𝑧-
direction and both hold the same volume of dielectric water in the same relative position inside the 
waveguide structure. The structure dimensions are consistent with the dimensions used at a 
frequency of 2.45 GHz. 
4.4.1 Thin Flat Sheet of Water 






Figure 40 - Thin Flat Sheet of Water a) Rectangular Waveguide b) Circular Waveguide 
The heating patterns show that the rectangular waveguide heats this water shape more evenly than 
that of the circular waveguide. It is interesting to note that the E-field patterns for the rectangular 
waveguide structure were comparable with Figure 37 a) whereas the E-filed for the circular 
waveguide structure were not comparable with Figure 38 a). 
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4.4.2 Thin Rod of Water 








Figure 41 - Thin Rod of Water a) Rectangular Waveguide b) Circular Waveguide 
Both E-fields in Figure 41 a) and b) are comparable with the E-fields seen in Figure 37 a) and Figure 
38 a) respectively. The similarity produced was speculated to be because the volume of the water 
present inside the waveguide was not great enough to influence the E-field. Closer inspection of the 
water rod seen with the simulation software shows that when the E-field behaves in this manner, 
“hot-spots” are formed in the areas of maximum E-field strength. 
4.4.3 Thin Cylindrical Sheet of Water 







Figure 42 - Thin Cylindrical Sheet of Water a) Rectangular Waveguide b) Circular Waveguide 
Both E-fields in Figure 42 a) and b) are comparable with the E-fields seen in Figure 37 a) and Figure 
38 a) respectively. 
4.4.4 Thin Parallel Sheets of Water 
















Figure 43 - Thin Parallel Sheets of Water a) Rectangular Waveguide Vertical Water Orientation b) Rectangular Waveguide 
Horizontal Water Orientation c) Circular Waveguide Vertical Water Orientation d) Circular Waveguide Horizontal Water 
Orientation 
Both E-fields in Figure 43 a) and b) are comparable with the E-fields seen in Figure 37 a) and Figure 
38 a) respectively. It is interesting to note that although the E-fields are in a predictable form, the 
heating characteristics differ between a) and b) for the rectangular waveguide structures whereas 
the circular structure seen in c) and d) produced heating patterns which were similar to each other. 
This result was not expected because the maximum E-field intensity from Figure 37 a) lies in the 
central plane, directly passing through the dielectric media in Figure 43 b) whereas the media in 
Figure 43 a) tends to lie on the outskirts of the maximum E-field. This simulation suggests that 
maximum heating of a dielectric media does not occur at the point of maximum E-field intensity. 
4.4.5 Asymmetric Water Experimental Shapes 
Figure 44 shows how EM energy can heat up various asymmetrical water shapes within the 
respective waveguides. The purpose of this simulation was intended to find a dielectric shape which 
promotes homogenous heating patterns by forcing the “perfect” modal patterns to reflect due to 














Figure 44 - Asymmetric Water Experimental Shapes a) Rectangular Waveguide with Offset Thin Water Sheet b) Rectangular 
Waveguide with Solid Water Ascending Cone c) Rectangular Waveguide with Solid Water Descending Cone d) Circular 
Waveguide with Offset Thin Water Sheet  e) Circular Waveguide with Solid Water Ascending Cone f) Circular Waveguide 
with Solid Water Descending Cone 
It is important to note here that the interaction between the E-field and the water medium is not 
predictable. The heating patterns in a) and d) were very feint and not homogenous. These 
experiments were also conducted to try and find a shape which minimised the reflected power 
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returned to the magnetron within the waveguide. No significant decrease in reflected power was 
observed for these shapes. 
4.5 Moving Media Simulations 
This type of simulation would result in the ability to simulate the entire system process designed in 
this thesis. These simulations took too long to run and caused the program to become unresponsive. 
Due to time constraints, this simulation model was never completed or refined further in this 
project. 
4.6 Applicator Design 
The details in this section motivate the design decisions made for the waveguide applicator used in 
this project. The waveguide shape, length and other design specifications are discussed. 
The first design decision for the applicator is that a coiled tube should be used inside the applicator 
to promote secondary flow for the media. Secondary flow is a process by which fluid inside the pipe 
“swirls” inside the pipe causing the media to mix. This mixing will distribute heat evenly through the 
media and helps reduce the chances of hot-spot formation [1]. Figure 45 below shows the thermal 







Figure 45 - EM Thermal Coupled Simulation for Coiled Pipe a) Rectangular Waveguide b) Circular Waveguide 
The circular waveguide clearly heats the water in the coiled pipe more efficiently than the 
rectangular waveguide structure. The greater heat seen in b) is a result of the water in the circular 
waveguide being in a more optimal relative location to absorb more EM power. Figure 46 below 
shows the 𝑆11 parameter over the operating frequency for the EM thermal coupled simulation seen 











Figure 46 - 𝑆11 Graphs for EM Thermal Coupled Simulation a) Rectangular Waveguide b) Circular Waveguide 
𝑆11, also known as the reflection coefficient, is a measure of how much power leaves a radiating 
source compared to reflected radiated power. This means that if 𝑆11 = 0 dB it would translate to full 
reflection from the source. This means that no power was absorbed by the system and all the 
radiating power can be seen at the source. Similarly, 𝑆11 = −∞ dB, represents full absorption by 
the water in the waveguide. Figure 46 a) show 𝑆11 = −6.655 𝑑𝐵 and at b) shows 𝑆11 = −8.625 𝑑𝐵 
at 2.45 GHz. 
4.6.1 Choosing a Waveguide Shape 
The choice of waveguide shape is limited to the two options of either a rectangular or circular shape. 
Table 3 attempts to quantify the advantages and disadvantages of either the rectangular or circular 
waveguide shapes. This means the decision for the applicator is not solely driven by the heating 
patterns observed by simulations. 
Table 3 - Quantifying Pros and Cons for Waveguide Shapes 
No. Point of Interest Importance Rectangular Circular 
1 Waveguide Inside Volume Larger 2  ✓  
2 Waveguide Less Bulky 2 ✓   
3 Other Waveguide Component Shapes Needed 5 ✓   
4 Less Modal Interference 1 ✓   
5 Fabrication of Waveguide Shape Easier 3  ✓  
6 
Fabrication of Inlet and Outlet Microwave Chokes 
Easier 
4 ✓   
7 Attenuation in Transmission Minimal 1  ✓  
8 Magnetron Launching Easier 3 ✓   
9 Thermal Heating on Coiled Pipe Better 4  ✓  
10 Total Importance 25 15 10 
 
The quantifying process can be explained by saying that points 4 and 7 have the importance value of 
1
5
. This is because the modal interference cannot be fully simulated as the final design dimensions 
may differ from the perfectly simulated design structure. Similarly, the difference in attenuation of 
the transmission signal is negligible since the waveguides are not transporting important information 
from one place to another.  
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Points 1 and 2 get an importance value of 
2
5
 . This is because although the most compact solution is 
preferred, the smaller inside cross-section means the rectangular waveguide will be longer than the 
circular waveguide.  
Points 5 and 8 receive an importance value of 
3
5
 . This is because these points directly affect the 
performance of the system designed. The cost value for these points is also relatively low when 
compared to the other costs of the system. 
Points 6 and 9 show an importance value of 
4
5
. This is because the potential sterilisation efficiency of 
the system may be affected. Furthermore, the cost of manufacturing custom shaped inlet and outlet 
attenuators greatly increases the cost of manufacturing the applicator. 
Point 3 gets an importance factor of 
5
5
 . This is because the applicator is only one aspect of the entire 
system and needs to interface with other components. Previous systems worked with rectangular 
waveguide structures (e.g. rectangular bi-directional couplers for power detection). This means that 
if a circular waveguide were to be chosen, special circular to rectangular transitions would need to 
be designed. This could dramatically add to the cost of the design whilst also potentially decreasing 
the efficiency of the design.  
4.6.2 Design Specifications 
The design specifications used when designing the applicator in this project were: 
▪ Rectangular waveguide to be used. 
▪ The applicator will receive roughly 900 W power peaks (seen in Figure 95). 
▪ The applicator will receive 350 W of average power. 
▪ The applicator should reflect less than 100 W. 
▪ A coiled pipe needs to be used for the media transport to promote secondary flow. 
▪ Multiple temperature sensors required along the length of the pipe. 
▪ Leakage radiation must conform with the Food and Drug Administration (FDA) guidelines. 
4.6.3 Applicator Length 
The applicator length can be determined by the amount of media required inside the treatment 
chamber. Section 2.3.3.3.3 highlighted the minimum amount of media required with respect to 
power. Accordingly, the minimum volume of required media for 350 W of power would be 87.5 ml. 
Furthermore, previous works of the EHG showed that an inner pipe dimension between 4 mm and 
6 mm should be used. The reason for this is that larger diameters lead to the formation of air 
bubbles inside the pipe. Air bubbles are not desirable as they may cause uneven heating within the 
target media. Smaller diameters lead to pressure build up in the system causing seals to rupture [1]. 
The waveguide used had inside dimensions of 86.36 mm by 43.18 mm. This means that the outer 
diameter of the coil will need to be less than 43.18 mm. 
Therefore, if we consider a circular coil with an outer diameter of 40 mm and an inside pipe 
diameter of 5 mm. We can calculate the rough volume of a single turn in the coil. This volume is 
found to be 2.467 ml. This means that 35.47 turns will be required to satisfy the minimum volume 
of 87.5 ml. The outside pipe diameter is roughly 7 mm, however, it is more realistic to assume that 
each turn of the coil will take up 10 mm of space in the 𝑧-direction. This means that the applicator 
length needs to be at least 360 mm long in order to accommodate the 36 turns required. The 
applicator length design in this project is 400 mm. 
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4.6.4 In and Out Waveguide Microwave Choke 
The nature of the project specifications dictates that the liquid media needs to continuously flow 
through the system. This means that the liquid media will need to flow through a pipe. The pipe 
utilised will ultimately need to enter and exit the waveguide in order to expose the liquid media to 
microwave energy. The only way this will be possible is if a slot or a hole is introduced into the wall 
of the waveguide structure. 
Introducing a slot or a hole in the wall of a waveguide is often done to create a radiating waveguide 
antenna. This means that the energy can escape from the waveguide and radiate. This system, 
however, needs to retain the energy so that it can be used to heat up the liquid media. Furthermore, 
leakage radiation could be harmful to individuals. This means particular care must be taken when 
placing slots or holes to ensure no radiation occurs [57]. 
 
Figure 47 - Surface Currents for 𝑇𝐸10 Mode [54] 
Radiation occurs when the surface currents seen in Figure 47 are forced to change direction and “go 
around” the slot or hole [57]. The holes in this project are constrained by practical factors such as 
the outer width of the pipe. This means that the dimensions of the holes are likely to cause surface 
currents to meander around the holes, which will result in radiation. 
The FDA has regulated the manufacture of microwave ovens since 1971 [58]. A Federal Standard (21 
CFR 1030.10) [58] states that a microwave oven should not radiate with more power than 
5mW cm2⁄  when measured from about 5 cm from the ovens structure [58]. 
This standard means that any radiated power needs to be attenuated to an acceptable level. Adding 
a small circular waveguide cylinder over the hole will create a transition junction from the 
rectangular waveguide to a circular waveguide. The aim of this junction is to attenuate the signal so 
that it cannot escape the waveguide structure. The attenuation of a signal propagating in a 
waveguide below the cut-off frequency is large. 
4.6.4.1 Mathematical Approach 
The attenuation constant is derived by Abe and Yamaguchi [59] which states: 






























 , (23) 
where 𝛼𝑐11 is the attenuation constant for a cylindrical waveguide, 𝑓 is the propagating frequency, 
𝑓𝑐 is the cut-off frequency, 𝛿 is the skin depth and 𝑎 is the radius of the waveguide (5 mm in the final 
design). 
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The cut off frequency for a circular waveguide can be obtained from [60] to be: 
 𝑓𝑐 = 
1.8412 𝑐
2𝜋𝑎
 , (24) 
where 𝑐 is the speed of light. 
The skin depth obtained from [61] is: 
 𝛿 =  √
𝜌
𝜋𝑓𝜇𝑟𝜇0
 , (25) 
where 𝜌 is the resistivity, 𝜇𝑟 is the relative permeability, and 𝜇0 is the permeability of free space. 
For a waveguide made from aluminium, a value of 3166.7 dB m⁄  is obtained for 𝛼𝑐11. 
To convert Watts into a value relating to dB, Equation 26 is used: 
 𝑃𝑑𝐵𝑚 = 10𝑙𝑜𝑔10 (
𝑃𝑊
1𝑚𝑊
) , (26) 
 
where 𝑃𝑑𝐵𝑚 is the power in dBm and 𝑃𝑊 is the power in Watts. 
The input power peak 900 W is rounded up to 1 kW  for the calculation to add a safety margin on 
the calculation. This value for the peak can be converted to 60 dBm. The power seen at exit of the 
attenuator can be assumed to be the 5 mW attained from the standards set by the FDA, which can 
be converted to roughly 7 dBm. This means that the input power needs to be attenuated by 53 dB 
through the circular waveguide choke. 
Since the unit for 𝛼𝑐11is per unit length, the following relationship must hold true: 
 𝛼𝐿 = 𝐿𝛼𝑐11 , (27) 
where 𝛼𝐿 is the attenuation for the value 𝐿 and 𝐿 is the length of the circular waveguide. 
Using the relationship above, a value of 16.7 mm is obtained for 𝐿. This value is practically 
realisable. Further optimisation was achieved through simulation. 
4.6.4.2 Simulation Approach 
The simulation procedure below aims to confirm the mathematical results obtained above. The 
simulation tool was also used to investigate other microwave choke waveguide geometries. The 





Figure 48 - Simulation Objects a) Circular Choke b) Square Choke 
The structures above were simulated with various lengths ranging from 10 mm to 60 mm. The S-
parameter, 𝑆21, gave an indication of the attenuation which takes place in the system. The results 
can be seen below. A result of 𝑆21 = 0 𝑑𝐵 means that all the power entering the waveguide is 
exiting the waveguide. A result of 𝑆21 = −∞ 𝑑𝐵 means that none of the power entering the 
waveguide is making it to the exit of the waveguide. 
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Table 4 - 𝑆21 Values for Broad Optimisation Simulation 
Attenuator Length (𝒎𝒎) Circular 𝑺𝟐𝟏(dB) Rectangular 𝑺𝟐𝟏(dB) 
10 -32 -28 
20 -62 -62 
30 -92 -92 
40 -128 -108 
50 -151 -138 
60 -180 -157 
 
 
A finer variable sweep between 10 mm and 20 mm was then simulated to find the length which 
results in a 𝑆21 = −53 dB. The length required for the circular waveguide microwave choke is 
16.1 mm. The length required for the square microwave choke is 18.4 mm. The simulation confirms 
the result obtained in section 4.6.4.1 and demonstrates that a circular attenuator is preferable to a 
square attenuator. 
4.6.5 Media Transport Simulation 
The coiled water in the simulated model of Figure 45 a) will need to be encapsulated by a silicone 
pipe (discussed in section 6.3.3). A simulation model for an air-filled silicone coiled pipe with the 
same dimensions as the water was created to assess the material design decision. The purpose of 
the simulation is to ascertain whether or not the material truly is “invisible” to microwave energy. 
The model can be seen in Figure 49. 
 
Figure 49 - Air Filled Silicone Coil Tube Model 
The E-field pattern observed for the model were comparable to Figure 37 a). This suggests that the 
coil itself does not interact with the E-field causing a change in the modal pattern. The 𝑆11 behaviour 
can be seen in Figure 50 below. 
 
Figure 50 - EM Thermal Coupled Simulation for Silicone Coil 
The expected 𝑆11 should be as low as possible and this is confirmed to be −0.0182 dB at 2.45 GHz. 
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4.6.5 CAD Design of Applicator 
The applicator designed in this project looks like the model in Figure 51 below: 
 
Figure 51 - Proposed Applicator Design 
The coiled pipe is assembled in three equal sections. Each section of pipe exits the waveguide so that 
the temperature of the media can be read. The pipe will subsequently re-enter the waveguide after 
passing through the temperature sensor.  
4.7 Chapter Conclusion 
The simulation software used greatly increases the ability to understand how different EM fields 
interact with the target media. The size and location of the target media is very important if uniform 
heating is to be achieved. Observations regarding the E-field suggest that homogenous E-field 
patterns yield homogenous heating patterns in the target media. 
The applicator geometry chosen was rectangular due to the quantitative analysis of the qualitative 
advantages and disadvantages shown in Table 3. 
The reflected power in the design specification is achieved because an incoming forward power of 
350 W translates to roughly 55.441 dBm. The reflection seen in the rectangular waveguide is 
subsequently 48.745 dBm which translates to 75.6 W. The reflection seen in the circular waveguide 
is 46.775 dBm and translates to 48.0 W. This means that both waveguide shapes would satisfy the 
design specifications. 
The silicone tube simulation suggests that 1.44 W is absorbed by the tube from an input power of 
350 W which is less than 1%. This confirms that the silicone tubing is effectively “invisible” to 
microwave energy. 
The applicator length was designed to be 400 mm long. This length holds enough coil turns to 
ensure the volume of media inside the applicator reaches the minimum suggested by literature. 
The shape of the “in-out” waveguide microwave choke was chosen to be circular because it 
performed better than the square shape simulated. The length of this microwave choke was 
calculated to be 16.7 mm and simulated to be 16.1 mm. Therefore, a length of 20 mm was used in 
the fabrication of the physical applicator to ensure a good safety margin. The diameter of the 
microwave choke used was 10 mm. 
The theoretical design proposed in this section conforms with the design specifications set out in 
section 4.6.2.  
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Chapter 5  
Experimental System Overview 
5.1 Chapter Summary 
This chapter aims to illustrate all the different aspects of this project in relation to one another. The 
block diagrams in this chapter specifically encapsulate the entire experimental system designed in 
this project and shows how each hardware category interacts with other hardware categories. The 
block diagrams also demonstrate how various software categories interact with other software 
categories in this project. Finally, the block diagrams also show how hardware and software interact 
with each other. 
5.2 Key System Subsections 




Figure 52 - Key System Subsections 
The link seen between the sensing hardware and the data processing software is not required for 
the system to operate correctly. 
5.2.1 Hardware Overview 
Figure 53 below shows an expanded hardware setup and categorises the types of hardware. 
The power block utilises the main supply provided by Eskom and interfaces with the electronics 
block through a controllable AC relay to provide power to the system. The microcontroller block is 
the heart of the system providing automation through a hybrid control system developed in this 
thesis. 
The waveguide hardware used has dimensions consistent with WR340 microwave structures 
promoting the propagation of a single mode and was chosen in order to move away from complex 
multi-mode structure previously studied by the EHG. 
The media transport hardware was designed with the aim of keeping the system closed to external 
microbiological cross-contamination. Additionally, the hardware and materials chosen attempted to 
remain “invisible” to microwave heating effects so that the treatment media can be specifically 
targeted inside the system. 
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Figure 53 - Hardware Overview 
The microcontroller which contains the proportional-only control system interfaces with the motor 
driver block (not explicitly shown in Figure 53. 
5.2.2 Software Overview 
Figure 54 below shows an expanded software setup and categorises the types of software and their 
roles in the system. 
 
 
Figure 54 - Software Overview 
The microcontroller in this project was responsible for reading all the information provided by the 
sensors. The microcontroller implements various software calibration techniques in order to ensure 
the data understood by the system is as accurate as possible. 
5.2 Photos 
This section shows two photos of the physical system designed. The first show the experimental 
system which was used in microbial tests and the second show a few expensive components which 
can be removed. 
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5.2.1 Physical Experimental Hardware 
Figure 55 shows a labelled photo for the experimental system. 
 
 
Figure 55 - Physical Experimental System Hardware 
 
5.2.2 Physical Reduced Hardware Solution 
Figure 56 shows a labelled photo for the minimum viable solution. 
 
 
Figure 56 - Physical Reduced Hardware Solution 
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Chapter 6  
Hardware 
6.1 Chapter Summary 
The hardware in this project was designed in a modular component style. This means that different 
components can be added or removed from the system with ease, without influencing other 
surrounding hardware. This style of design allows one to achieve a project prototype relatively 
quickly.  
This chapter shows the design decisions undertaken for hardware in this project. The microwave 
hardware consists of the magnetron and launcher, protective circulator, bi-directional power 
coupler, applicator and waveguide termination. The media transport hardware consists of a motor 
driver, pump, tubing and media containers. The power supplies shown are the main AC supply, high 
voltage AC supply and low voltage DC supply. The electronics used in this project refer to the relay, 
temperature sensors, voltage reference, microprocessors, main processing computers and the PCB 
designed for this project. 
6.2 Microwave Energy Hardware 
A waveguide is a dielectric filled hollow structure used to propagate high frequency signals. 
Waveguides are used in communication and radar applications as well as any other high frequency 
designs [62]. The geometry of a waveguide is important with regards to the frequency which can 
propagate inside the waveguide. The general rule of thumb is that the cross-sectional area of the 
waveguide should be large enough to fit a single complete wavelength of the high frequency signal. 
 
Figure 57 - Waveguide Hardware Block Diagram 
For a frequency of 2.45 GHz, a rectangular waveguide called WR340 should be used. This waveguide 
has a width of 86.36 mm and a height of 43.18 mm and has a cut-off frequency of 1.736 GHz [62]. 
Figure 57 above shows the modular components of the waveguide structure in this project. It is 
important to ensure that the individual waveguide components line up perfectly when they are 
connected. Imperfect connections will lead to ridges inside the waveguide structure which will cause 
unwanted reflections of microwave energy. This is shown in Figure 58 below. 
 
 
Figure 58 - Inside Waveguide Showing Unwanted Ridges 
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6.2.1 Magnetron and Launcher 
A microwave launcher is a device used to couple microwave energy to the waveguide system. This 
type of device can take on many shapes and configurations. Ridged and tapered waveguide 
launchers are used to gradually match the impedance of transmission with that of the media load 
inside the waveguide applicator. This type of design leads to lower microwave reflections and higher 
order coupling [63]. 
For this project, only the fundamental mode is required to propagate. This can be achieved by 
mounting the magnetron antenna through a hole located on the “top” of a rectangular waveguide. 






Figure 59 - a) Side View of Microwave Launcher b) Front View of Microwave Launcher 
The distance D can be calculated from a magnetron coupling datasheet to be 

4
 [64], however, 
modern launchers on the market appear to have a distance D of 

8
 [65]. The variable, , is the 
wavelength for the frequency of propagation and the variable, x, is 86.36 mm. 
The launcher in this project has a D value of 

4
 and was chosen as it was available in the lab and was 
previously proven to work in JP van der Merwe’s design. 
The magnetron discussed in section 2.3.1 is a high-power device, which although very efficient, still 
dissipates a large amount of heat energy. This means that magnetron protection schemes should be 
put in place [22]. The magnetron in this project is air-cooled and has a temperature sensor attached 
to the heat sink. The temperature sensor is designed to turn the magnetron off if a threshold safety 
temperature is exceeded. 
6.2.2 Circulator 
Reflected power from the system could cause the magnetron to heat up undesirably. The purpose of 
the circulator is to negate any reflected power from the system returning to the magnetron. 
The circulator in this project is a three-port waveguide component. The magnetron launcher is 
connected to port 1, the bi-directional coupler is connected to port 2 and a circulating water bath is 
connected to port 3. The basic operation of a circulator is to pass a signal entering port 1 to port 2. 
Furthermore, a signal entering port 2 will be passed on to port 3 whilst a signal entering port 3 is 
passed back to port 1 [22]. The circulator achieves this by having a ferrite rod near the centre of the 
component that is magnetised by a permanent magnet. The effect of this configuration results in 
any signal entering any port to be rotated by a set phase. The geometry of the accepting port will be 
aligned with this newly acquired phase of the signal. The water bath connected to port 3 is designed 
to absorb the reflected power entering port 2 and thus no power can be reflected out of port 3 to 
port 1 [22]. 
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6.2.3 Bi-Directional Coupler 
A directional coupler is a device which harnesses a pre-determined amount of EM power from a 
high-powered main transmission line into a secondary, lower power, transmission line. The power in 
the secondary transmission line is low enough to be measured by a sensing circuit and gives an 
indication of the forward travelling power in the main transmission line [66]. A bi-directional coupler 
is, in essence, two directional couplers orientated back-to-back. This configuration allows 
measurement of the forward travelling power as well as the reflected, backward, travelling power. 
A directional coupler is a 4-port device which has the generic schematic symbol seen in Figure 60 
below. The input, transmitted, coupled and isolated ports are commonly referred to as the incident, 
received, forward and back ports respectively [67]. 
 
 
Figure 60 - Directional Coupler Symbol [66] 
6.2.3.1 Ideal Characteristics of Directional Couplers 
▪ All terminations are matched to the ports [67]. 
▪ Power travels from port 1 to port 2 with a small portion going to port 3 (none to port 4) [67]. 
▪ Similarly, for bi-directional couplers, power travels from port 2 to port 1 with a small portion 
going to port 4 (none to port 3) [67]. 
▪ If power were to travel through port 4, a portion will be seen at port 2 (none at port 1) [67]. 
▪ If power were to travel through port 3, a portion will be seen at port 1 (none at port 2) [67]. 
▪ Ports 1 and 4 are completely decoupled [67]. 
▪ Ports 2 and 3 are completely decoupled [67]. 
6.2.3.2 Calibration 
A Muegge bi-directional coupler, type MW-7071-0070, was used in this project as it was available in 
the laboratory. This component is said to measure −60 dB of the input power from port 1 at port 3. 
A signal generator and spectrum analyser were used to measure the exact coupling factor for this 
device. Figure 61 shows the ports on the physical bi-directional coupler. 
 
 
Figure 61 - Muegge Bi-Directional Coupler 
The measuring process starts by calibrating the spectrum analyser with a waveguide WR340 
calibration kit. The spectrum analyser has on screen prompts which are followed by configuring the 
required “through”, “short” and “50   load termination” and clicking “calibrate” for each. 
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The next step in calibration involves measuring the power lost in the cables used to connect to the 
spectrum analyser and signal generator respectively. The two cables are connected, with one end 
connected to the signal generator which outputs 0 dBm at 2.45 GHz and the other connected to the 
spectrum analyser. The loss in power can be read to be −1.75 dBm. 
The bi-directional coupler was then set up for calibration. Port 1 is connected to the signal generator 
through a waveguide to coaxial transition. Port 2 is terminated by an absorptive 50  waveguide 
structure. Port 3 is connected to the spectrum analyser and port 4 is terminated by a 50  load. The 
signal generator was again set to output 0 dBm. The measurement for port 3 read −62.19 dBm. 
Port 3 was then terminated by the 50  load and then port 4 measured. The signal generator power 
needed to be increased to 16 dBm  to measure a value of −75.42 dBm. 
The bi-directional coupler was turned around and the same procedure described above was 
followed. Port 3 (previous port 4 now seen as the coupling port for the new configuration) measured 
−59.97 dBm. Port 4 measured −79.55 dBm. 
Table 5 - Calibrated Bi-Directional Coupler Characteristics 
 Reverse Coupler Forward Coupler 
Coupling Factor −60.44 dB −58.22 dB 
Isolation Factor −89.67 dB −93.80 dB 
 
Table 5 above shows the calibrated results for the Muegge bi-directional coupler used in this project 
after considering the loss from the cables and the increased power to get a useable reading for the 
respective isolation ports. The ports were then labelled to ensure the correct orientation in the final 
system. 
6.2.4 Applicator 
A vector network analyser (VNA) is used to verify the simulated characteristics of the applicator 
designed in Chapter 4. The applicator contains the silicone tube coil and polystyrene support 
structures. The VNA set-up calibration is completed for both measuring ports before measurements 
are taken. These ports are then connected to either side of the applicator structure through 
waveguide to coaxial transitions. Figure 62 shows the response observed when no media is present 
in the coiled tube. 
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Figure 62 - Empty Applicator S-Parameters From VNA 
The 𝑆12 line on Figure 62 has a value of −0.3494 and suggests 27 W will be absorbed by the silicone 
and polystyrene structures inside the applicator. This equates to roughly 8% of the 350 W input in 
the final system. The simulation in section 4.6.5 did not account for the polystyrene tube support. 
PTFE could be used to lower the relative amount of power absorbed by the media transport 
hardware inside the waveguide structure. 
The 𝑆11 line on Figure 62 yields no significant information. This is because all the microwave energy 
is absorbed into port 2 through the antenna in the waveguide to coaxial transition and is not 
reflected to port 1 as designed in this thesis. 
The coil inside the applicator was then filled with water and measured again. The results can be seen 
in Figure 63 below. 
 
Figure 63 - Full Applicator S-Parameters From VNA 
The 𝑆11 line on Figure 63 shows that some of the microwave energy is reflected to port 1. Since port 
2 is said to be absorbing any microwave energy which reaches it, the reflected power seen at port 1 
is a result of the water load. The 𝑆11 value suggests that 108.8 W will be reflected from an input of 
350 W. This means that reflected power is roughly 31 %. This result differs from the simulation in 
section 4.6 and is attributed to incorrectly modelling the system for simulation. The coil in the 
physical design moves in and out of the applicator and the simulated design considers a perfect coil. 
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The 𝑆12 line has a value of −36.2 dBm resulting in 0.0839 W seen at port 2 from the 350 W input at 
port 1. The amount of power absorbed by the water load after considering the power reflected to 
port 1 by the full coil structure and the power absorbed by the silicone and polystyrene, 214.9 W is 
absorbed directly by the water. This means the water load absorbs roughly 61% of the input power 
to the system and 0.024% is seen at port 2. 
6.2.5 Waveguide Termination 
The energy propagating needs to be stopped from radiating out of the waveguide structure, after it 
has interacted with the target media. The termination of a waveguide structure is described as 
either absorptive or reflective. 
6.2.5.1 Absorptive Termination 
Absorptive terminations occur when the impedance of the waveguide structure matches that of the 
termination. This type of termination maintains the characteristics of a travelling wave inside the 
waveguide structure. This can be achieved using a resistive load matched to the impedance of the 
waveguide structure. This resistive load can be created in three different ways. The first method is to 
fill the termination with a graphite-sand mixture, the second method is to place a resistive rod inside 
the termination and the third method is to place a resistive wedge inside the termination. These 










Figure 64 - Absorptive Waveguide Terminations [68] 
The configuration in a) absorbs EM radiation because the E and H-fields enter the termination and 
induce currents in the mixture. The configuration in b) is set up in the centre of the E-field which 
induces current in the resistive rod. The configuration in c) has the resistive material perpendicular 
to the H-field forces which subsequently induce currents in the resistive material. The result of these 
currents is the absorption of energy which is released in the form of heat [68]. 
6.2.5.2 Reflective Termination 
Reflective terminations occur when the impedance of the waveguide structure does not match that 
of the impedance of the termination [68]. Reflective terminations are also referred to as “a short 
circuit termination” [69]. This type of termination causes standing waves inside the waveguide 
structure as the forward travelling wave interacts with the backwards travelling wave [68]. 
The easiest way to create a reflective termination is to attach a flat metal plate to the end of the 
waveguide structure system [68]. Alternative solutions exist which are designed to combat the 
standing waves created in the system. Sliding shorts, seen in Figure 65, move the termination plate a 
desired distance [69]. 
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Figure 65 - Sliding Short Diagram 
The configuration will result in the standing waves moving up and down along the length of the 
waveguide structure. Sliding shorts, however, can be very expensive and add a mechanical 
component to the system which is subject to wear and tear. 
6.2.5.3 Waveguide Termination Design Decision 
It was decided that the power seen at port 2 should be re-introduced to the system with a reflective 
termination. This decision is motivated by the fact that the power will get a “second chance” to heat 
the media as opposed to heating the termination. 
A flat metal plate was chosen as it could be attached to the flange of the applicator in the same 
manner as all other waveguide components in the system. 
6.3 Media Transport Hardware 
This section describes and shows the design decisions for the hardware related to moving the media 
through the waveguide structures. The components include the motor driver, pump, tubing and 
support structures as well as the media containers. A flow diagram of these components can be seen 
in Figure 66. 
 
 
Figure 66 - Media Transport Block Diagram 
6.3.1 Motor Driver 
A motor driver is an electronic device used to interface microcontrollers with motors. Motor drivers 
are necessary because the voltage and current produced by a microcontroller is not sufficient to 
operate a motor properly. There are two main types of motor driver circuits considered in this 
project. The first is “Transistor Based DC Motor Driver Circuit” and the second is “H Bridge Circuit” 
[70]. 
The “Transistor Based DC Motor Driver Circuit” is very simple with very few components. The 
drawback to this design is that it is only suitable for applications where the motor is only required to 
operate in a single direction [70]. 
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Figure 67 - H Bridge Circuit Schematic [70] 
The circuit in Figure 67 shows that the “H Bridge Circuit” solution and has more components 
compared to the single transistor model. The advantage of this solution, however, is that the motor 
being driven by this circuit has the capability of moving in both the forward and reverse modes of 
operation [70]. 
6.3.2 Pump 
A pump is a device used to create flow and movement of media which, in this project, can be 
directed through a tube. There are many different categories of pumps on the market. One category 
of pump is referred to as “centrifugal”. These pumps are usually used in fast flow rate applications 
where the media has low viscosity (e.g. water). Another category of pumps commonly used are 
referred to as “positive displacement pumps”. These pumps operate at a lower flow rate and can 
handle media with a higher viscosity [71][72]. 
Positive displacement pumps work by having an expanding cavity near the inlet side, and a 
contracting cavity on the outlet side. This configuration creates a pressure difference inside the 
pump causing the inlet to “suck” media into the pump at the inlet and expels media at the output. 
These types of pumps generally have two different configurations that are of interest. The first is 
called reciprocating and the second is referred to as rotary [71]. 
Reciprocating pumps have a piston which moves back and forth making an internal media chamber 
larger and smaller. The piston action coupled with one-way valves ensure that the media flow is in a 
single direction. An example of a reciprocating pump can be seen in Figure 68 below and is called a 
diaphragm pump [71]. 
 
Figure 68 - Diaphragm Pump Diagram 
 
Figure 69 - Peristaltic Pump Diagram 
Rotary pumps operate using a spinning gear. The spinning motion accepts media at the input and 
“pushes” the media out the outlet. An example of a rotary pump is called a peristaltic pump and can 
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be seen in Figure 69 above [71]. Peristaltic pumps have the benefit of operating in both forward and 
reverse directions (i.e. the inlet and outlet are interchangeable). Peristaltic pumps also have the 
advantage that media can remain in a closed system as the rotating gear compresses the tube 
carrying the media. Operating within a closed system is desirable for the sterilisation industry as the 
risk of cross-contamination is reduced because the pump cannot “leak” [72]. Table 6 below 
highlights some of the key features of two shortlisted pumps for this project. 
Table 6 - Comparison Between Shortlisted Diaphragm and Peristaltic Pumps 
 Diaphragm Pump Peristaltic Pump 
Price R 776.88 R 355.00 
Flow Rate 9 𝑙𝑖𝑡𝑟𝑒𝑠 ℎ𝑜𝑢𝑟⁄  6 
𝑙𝑖𝑡𝑟𝑒𝑠
ℎ𝑜𝑢𝑟⁄  
Bi-directional No Yes 
Temperature Range 0-100 C 0-40 C 
Pressure 1 bar 1 bar 
Variable Flow Rate Yes Yes 
 
The complete datasheet/product information for the diaphragm and peristaltic pumps can be found 
at [73] and [74] respectively.  
6.3.3 Tubing and Support Structure 
The tubing in this project was required to be moulded into a coil which could be held in place inside 
the applicator. Particular care must be taken when selecting the materials be used. Section 2.3.3.3.1 
shows that the dissipation factor ( 𝑡𝑎𝑛 ) can indicate how much microwave energy will be absorbed 
by a material. The tubing and support structures should therefore have an ideal dissipation factor 
which is as small as possible.  
The dissipation factor of a material is both temperature and frequency dependant. Table 7 below 
shows values for dissipation factor for relevant materials at a temperature of 25 C and a frequency 
range of 1 − 10 GHz [75]. 
Table 7 - Dissipation Factor for Relevant Materials 
Item/Material 
Can be Used as 
Tubing 
Can be Used as 
Support 
Dissipation Factor ( 𝒕𝒂𝒏 ) 
PTFE (Teflon) Yes Yes 0.0001 - 0.0002 
Polystyrene No Yes 0.0002 - 0.0003 
Borosilicate Glass Yes Yes 0.001 - 0.002 
Silicone Yes No 0.01 - 0.05 
Water* No No 0.1 - 1.0 
*Presented in this table as a comparison 
 
PTFE appears to be the obvious choice for the material to be used for both the tubing as well as the 
supporting structure according to the dissipation factor. PTFE, however, has a much higher cost 
when compared to silicone and polystyrene. The ideal inside tube diameter is between 4 − 6 mm. 
Experiments were conducted in the lab with a small length of PTFE tubing. The experiments 
ascertained that the PTFE tubing is not particularly malleable and as a result cannot bend in a tight 
enough coil without kinking. Similar experiments were conducted on silicone tubing and the results 
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Figure 70 - Coiled Pipe Configuration a) Top View b) Side View 
Polystyrene support structures were used to hold the tube in the required coiled shape; the material 
was considered adequate as polystyrene can hold its own physical shape, as well as having a very 
low dissipation factor. 
6.3.4 Media Containers 
The media containers in this project, by necessity, have to be easy to transport and need to 
withstand a laboratory autoclave. This is to ensure sterility before media is put into the container. It 
is important that steps be taken to avoid cross-contamination when testing the system. 
Schott bottles were selected, and their lids modified to allow the tube to enter the media container. 
The modified lids, seen in Figure 71 a) and b), have dedicated breather holes which are stuffed with 
cotton wool. This configuration ensures the system remains closed to the influences of outside 






Figure 71 - a) Input/Output Media Container b) Media Container Lid 
The input media container lid, seen in Figure 71 a), has a third hole to allow the possibility of 
recirculating the output media back to the input container until the desired target output 









6.4 Power Supplies 
This section highlights the various electrical signals required by this project.  
 
 
Figure 72 - Power Block Diagram 
 
Figure 72 above, illustrates that the main AC supply is used to create the high voltage AC supply 
required by the magnetron. The main supply is also used to create the low voltage DC supply 
required by the motor in this project. 
6.4.1 AC Supply - 220 𝑉𝑟𝑚𝑠 
The main power supply in this project is provided by Eskom and has a rated voltage of 230 V ± 10% 
at 50 Hz [76]. 
6.4.2 High Voltage AC Supply 
The schematic for the high voltage supply can be seen in Figure 9. The components for this was 
salvaged from a conventional microwave oven and adapted using saturable reactor control 
(discussed in section 2.3.2.6) by introducing an additional identical high voltage capacitor in series 
with the 0.95 µF capacitor seen in the voltage doubling block. This configuration results in halving 
the net value for the high voltage capacitor which, in turn, roughly halves the output power 
produced by the magnetron. Figure 73 shows the high voltage supply used in this project. 
 
 
Figure 73 - Modified High Voltage Supply 
The output power can be further reduced with the addition of a third high voltage capacitor. 
6.4.3 DC Supply - 12 V  
The 12 V supply in this project is required to power the pump motor and serve as an efficient step-
down pre-regulator for a linear voltage regulator. The 12 V supply makes use of a LM2576 switching 
regulator which has a wide input voltage range and an adjustable output voltage. Figure 74 below 
shows the schematic design for this regulator and component values and can be found in Appendix 
A. 
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Figure 74 - 12 V DC Supply Schematic 
A switching regulator was chosen as they are more efficient and produce less heat when large 
differences are present between the input and regulated output voltages. 
Figure 75 below shows the oscilloscope measurement for the 12 V supply. 
 
 
Figure 75 - Oscilloscope Measurement for 12 V DC Supply (LM2576) 
The ripple voltage seen on the signal is less than 1% and deemed satisfactory. 
6.5 Electronics 
The electronics in this section focus mainly on sensing important information about the system so 
that it can be analysed by a microprocessor. Sensing information is crucial so that the 
microprocessor can make decisions on how to best control the system. 
 
 
Figure 76 – Electronics Block Diagram 
 
Figure 76 above summarises this section and the electronics include a power relay, microprocessor, 
temperature sensors, DC reference voltage, waveguide power detectors and a processing computer. 
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The position of the relay in this project can be seen in Figure 9. The primary role for this relay is to 
turn the main supply to the high voltage magnetron supply “on” and “off”. This is necessary as the 
magnetron must only be powered “on” once the sterilisation process has been set to “start”. 
Additionally, this relay will turn the main supply “off” if the magnetron or high voltage transformer 
reach an undesirable temperature during operation. 
The component selected for this is a 10 A, optically isolated, ESR500 series solid state relay. This 
relay has zero-crossing detection built in to minimise electromagnetic interference (EMI) when 
switching and operates in the frequency range between 47 Hz and 63 Hz. This relay further boasts 
low power consumption and low turn on current control (15 mA maximum) which is perfect for a 
microprocessor to directly control. 
Due to the zero-crossing detection switching capabilities, this relay can implement switching strategy 
1 discussed in section 3.2.1. Although this switching strategy is deemed not viable for sterilisation 
purposes, a control strategy may be developed where the flow of media is halted in the “off” 
periods. 
6.5.2 Microprocessor 
The microprocessor used in this project was an Arduino Leonardo which is based on the 
ATmega32u4 microcontroller. This device has a 16 MHz crystal oscillator, provides 10-bit resolution 
for analogue readings and operates with 5 V logic level (5 V seen as a binary 1 and 0 V seen as a 
binary 0). This microprocessor was programmed through the Arduino integrated development 
environment (IDE) and the coding language used is C++. This device communicates with the 
processing computer using a universal serial bus (USB) COM port. 
The final prototyped design in this project required the use of two Arduino Leonardo’s running in 
parallel. This configuration was necessary because a single Arduino Leonardo could not perform all 
the sensing and data sending fast enough, simultaneously, to capture the waveforms produced by 
the power detection circuitry as well as the control system software. This means that the first 
Arduino Leonardo board is dedicated to temperature sensing and the control system software and 
the second Arduino Leonardo is dedicated to the power sensing circuitry and the sending of this data 
to the processing computer. 
6.5.3 Temperature Sensors 
Temperature sensors in this project are crucial for the control software and overall safety of the 
system. Four temperature sensors are used to measure the temperature of the target media and 
two temperature sensors are used to monitor the magnetron and high voltage transformer. 
Section 3.4 notes an issue with regards to infra-red temperature modules. In addition to this issue, 
infra-red modules can be very expensive when compared to other temperature sensors on the 
market. A type of temperature sensor which can be place in-line with the flow of the target media is 
called a thermistor. A thermistor is a type of resistor whose resistance value changes depending on 
the temperature of the component. Many thermistors, however, are not suitable for immersion in a 
fluid as this may cause the component to short circuit. This can happen when the component leads 
are exposed to the fluid creating a different conducting path along which the electrical signals travel. 
A negative temperature coefficient (NTC) thermistor was acquired with special insulated leads. The 
insulation on the leads is an ochre-coloured epoxy layer. The datasheet for this component 
highlights that the thermistor can be placed in-line with the target media and has a response time of 
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0.7 s in oil. The thermistor has an operating temperature range of −40 C to 125 C and an accuracy 
of ± 0.5 C between 25 C and 85 C [77].  
Figure 77 below shows how the resistance of the thermistor changes with respect to temperature. 
 
 
Figure 77 - Vishay® NTC Thermistor Resistance vs Temperature 
Figure 78 shows the voltage divider circuit used with the thermistor. 
 
 








Equation 28 shows the mathematical relationship for the circuit in Figure 78. 𝑉𝑑 is the divided 
voltage which is measured by the microprocessors ADC. 𝑉𝑟𝑒𝑓 is the reference voltage in section 
6.5.4, 𝑅𝑡 is the resistance of the thermistor shown in Figure 77 and 𝑅2 is a fixed resistor which needs 
to be selected. The design objective in the selection of 𝑅2 was to get a linear relationship between 
temperature and the voltage 𝑉𝑑 for an operating temperature range between 20 C and 100 C. 
Figure 79 shows the relationship between 𝑉𝑑 and temperature with the data extracted from Figure 
77 for 𝑅𝑡 and various values for 𝑅2. 
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Figure 79 - 𝑉𝑑 vs Temperature 
Common resister values were chosen for 𝑅2 and a linear response is observed for a value of 680  . 
6.5.4 DC Reference Voltage - 5 V 
The 5 V supply in this project is required to provide a steady reference voltage for the Arduino 
Leonardo’s ADC as well as the temperature sensing circuitry. The 5 V supply makes use of a LM7805 
positive voltage regulator which has a fixed output voltage. Figure 80 below shows the oscilloscope 
measurement for the 5 V supply. 
 
 
Figure 80 - Oscilloscope Measurement for 5 V DC Supply (LM7805) 
The ripple voltage seen on the signal is less than 1% and deemed satisfactory. 
6.5.5 Power Detectors 
The power detectors in this project measure the forward and reverse power seen at the relevant 
ports of the bi-directional coupler discussed in section 6.2.3. The components used are Mini 
Circuits® power detector series ZX47-40LN-s+ which have a wide bandwidth, temperature stability 
and require a 5 V supply. The components have a measuring range between −40 dBm and 20 dBm 
over a frequency range of 10 MHz to 8 GHz. 
The datasheet for these devices shows that the detectors output a specific voltage with reference to 
the input power received. The output voltage heavily relies on the temperature of the component, 
the frequency being received, and the output load connected to the component. 
Stellenbosch University https://scholar.sun.ac.za




The power detectors in this project were calibrated in an air-conditioned room at 22 C at a 
frequency of 2.45 GHz and an output load of 1000 . The results of this calibration process can be 
seen in Figure 81 below. 
 
 
Figure 81 - Power Detector Calibration Graph 
The forward and reverse calibration lines are not identical, and this is because the reverse power 
detector cannot be attached directly to the bi-direction coupler due to physical constraints. The 
result of this is that the power detector is connected through an extension cable. 
The output from the power detectors was measured on an oscilloscope while the magnetron was 
“on”. The waveform can be seen in Figure 82 below. 
 
 
Figure 82 - Power Detector Output Waveform During System Operation 
Figure 82 shows that the conventional magnetron in this project outputs homogenous high-power 
pulses of microwave energy. Section 7.2.5.3 shows how this signal was captured in software and 
section 7.3.2.2 shows how the captured signal can be mathematically manipulated to find the peak 
and average power. 
6.5.6 Processing Computer 
The processing computer in this project is a stand-alone desktop personal computer (PC) running 
Microsoft Windows 10. Both Arduino Leonardo’s are connected to this PC through two separate 
dedicated USB cables. 
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6.5.7 PCB Design 
The PCB designed in this project contains the circuitry for the 12 V supply, 5 V reference signal, 
temperature sensing circuitry, motor driver and motor mount. The schematic, parts lists and PCB can 
be found in Appendix A. 
6.6 Chapter Conclusion 
This chapter presented some of the design decisions when considering various hardware 
components in this project. 
A waveguide size called WR340 was used as the dimensions are a standard for the single mode 
propagation of EM waves at 2.45 GHz. The magnetron antenna is placed at a distance of  4⁄  from 
the launcher’s reflective termination. The magnetron is air cooled and has a safety temperature 
attached to the heatsink. A circulator was implemented during the development stage of this project 
to protect the magnetron from reflected EM power. The EM power in the system is measured using 
a bi-directional coupler paired with Mini Circuits® power detectors. The waveguide system is 
terminated with a simple reflective flat metal plate. 
The media transport hardware decisions included the use of a peristaltic pump. This was introduced 
to keep the system isolated from the surrounding environment as far as possible in order to lower 
the risk of cross-contamination. The pump motor is driven by an H-bridge so that bi-directional 
control of the pump motor can be achieved. Silicone tubing was used to construct the coil as the 
ideal PTFE tubing was not malleable enough to bend into the required coil dimensions to fit into the 
applicator. Polystyrene tubing support structures were used as the material is cheap and readily 
available in the laboratory as well as having the benefit that the dissipation factor is similar to that of 
PTFE. Schott bottles with modified lids were used for sterilisation experiments as the containers may 
be placed in an autoclave. The modified lids were designed to reduce the risk of cross-contamination 
during testing and transportation of the media between departments. 
The power supplies in this project make use of Eskom’s main supply and powers the high voltage 
supply, 12 V supply and 5 V reference signal. The transformer from the high voltage supply has a 
safety thermistor attached to the transformer core housing. 
Two Arduino Leonardo microprocessors are run in parallel: one for temperature sensing and control 
and the other to capture the power detectors output waveform signal. The Arduino’s directly 
interface with the processing computer used in this project. 








Chapter 7  
Software 
7.1 Chapter Summary 
This chapter discusses the software used in this project. The software includes scripted code written 
to perform required tasks and highlights other software packages used during this project. Software 
calibration of hardware techniques are shown and discussed.  
Figure 83 below briefly outlines important key software features in this project. 
 
 
Figure 83 - Software Overview 
This chapter illustrates how various coded scripts operate and communicate using flow diagrams. 
7.2 Microcontroller Software 
The microcontrollers in this project are used to gather information about the system, control the 
system and subsequently send the information to the processing computer.  
Figure 84 illustrates key functions of the software for the microcontrollers in this project. 
 
 
Figure 84 - Microcontroller Software Block Diagram 
The microcontroller ADC’s, temperature sensor information, power detector information and 
software run times are calibrated to yield accurate results. A data packing strategy was discussed to 
achieve an acceptable program loop time. 
7.2.1 ADC Calibration 
Good calibration of a system requires the calibration of every step in a system. The first step to 
calibration starts at the point where information is converted to a useable form for the 
microprocessor. For this project, the ADC’s on the microcontroller are used. 
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ADC’s work by creating a number between 0 and 1023 depending on the voltage supplied to the ADC 
input pin on the microcontroller. An ADC value of 0 should represent 0 V and a value of 1024 should 
represent the reference voltage supplied to the microcontroller. 
The method used to calibrate the ADC’s in this project involves attaching all the ADC’s together to a 
common node (the same reference point). This node is then grounded (0 V) and measurements are 
recorded. This method of recording values is repeated by changing the value of the node connected 
to the ADC’s with an external variable power supply. The voltage is changed by half-volt increments 
and the ADC values noted until an ADC value of 1023 is observed. The results are shown in Table 8. 
Table 8 - ADC Calibration Values 
ADC# Voltage (V) 
 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.05 
0 0 100 211 301 407 507 608 711 820 917 1017 1023 
1 0 100 212 301 407 507 607 710 821 917 1017 1023 
2 0 101 213 302 407 507 608 711 820 917 1017 1023 
3 0 100 213 301 408 507 608 711 821 917 1017 1023 
4 0 100 212 301 407 507 608 711 821 916 1016 1023 
 
In an ideal environment, all the ADC’s should produce the exact same value because they are all 
connected to the same node at the same time.  
Figure 85 shows that all the ADC’s follow a linear trend and have no major discrepancies between 
each other. Equation 29 (shown below Figure 85 on this page) shows the relationship between ADC 




Figure 85 - ADC Calibration Graph 
 
 𝑦 = 203.77𝑥 − 1.85 (29) 
 
A possible reason for the slight differences seen in Table 8 may be due to the program running on 
the microcontroller sequentially. This means that each ADC is read one by one and not at the exact 
same time. This slight time change between readings means that the voltage “ripple” on the signal 
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may change between readings. The calibration process not only defines the linear relationship 
between ADC value and voltage but shows that ADC’s produce results which are accurate relative to 
each other. 
7.2.2 Calibrating Media Temperature Sensors 
The calibration method used for the temperature sensors involved placing a digital temperature 
measuring probe in-line with each individual thermistor used in the system. The media was heated 
using the magnetron to various controlled temperatures. The voltage produced by the sensing 














Figure 86 - Temperature Sensor Calibration a) Inlet Sensor b) Post-Inlet Sensor c) Pre-Outlet Sensor d) Outlet Sensor 
The data produced shows that a linear equation can be fitted to each sensor which relate ADC value 
to temperature. Equations 30 – 33 show the relationship used in software. 
a) 𝑦 = 7.3295𝑥 + 75.355 (30) 
b) 𝑦 = 7.5329𝑥 + 64.127 (31) 
c) 𝑦 = 7.4716𝑥 + 68.989 (32) 
d) 𝑦 = 7.3627𝑥 + 75.439 (33) 
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7.2.3 Arduino Data Types 
When programming a microcontroller, it is important to understand variable data types. A data type 
is a format in which data is stored. Different data types have different ranges of values which they 
represent [78]. Understanding data types and their assignation is crucial because if the 
microcontroller attempts to store a value which exceeds the value range of an assigned datatype, 
errors are likely to occur, and the code will not behave as intended. Table 9 represents all the 
variable data types available in the Arduino IDE. 
Table 9 - Arduino Data Types 
Data Type Bytes Required Variable Range 
byte 1 0 to 255 
char At least 1 0 to 255 or more 
unsigned char 1 0 to 255 
int 2 -32768 to 32767 
unsigned int 2 0 to 65535 
short 2 -32768 to 32767 
long 4 -2147483648 to 2147483647 
unsigned long 4 0 to 4294967295 
double 4 -3.4028235E+38 to 3.4028235E+38 
float 4 -3.4028235E+38 to 3.4028235E+38 
 
A data type not represented in Table 9 is the data type “string”. The string data type is defined by an 
array of “char” characters ended by a null termination identifier (“\0”). The termination character is 
required so that the microcontroller understands when the string is complete [79]. 
7.2.4 Control System Arduino Leonardo 
The control system code oversees reading ADC information, converting the data to a temperature 
value and then implementing the proportional control designed in Chapter 8. Figure 87 shows a flow 
diagram depicting how the code operates within the microcontroller. The temperature response in 
the system behaves differently depending on whether or not the coil is partially filled versus 
completely filled. This means that a hybrid control strategy had to be developed in order to control 
the media temperature at all stages of operation. Table 10 describes the meanings of the words 
used in the flow diagram. 
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Table 10 - Flow Diagram Word Meanings 
Flow Diagram Word Meaning 
serialUp Is there a valid serial connection between the Arduino Leonardo and the 
processing computer? 
byteAv Is there a byte available on the serial line to read? 
isRun Is the program run flag set for the motor to start pumping and turn the 
magnetron “on”? 
T3 Outlet temperature sensor 
T2 Pre-Outlet temperature sensor 
T1 Post-Inlet temperature sensor 
conSig Pulse Width Modulation (PWM) control signal used to drive the pump 
with duty cycle control 
relayFlag The flag which tells the system that the power to the magnetron should 
be turned “off” 
isButP Is the button pressed which by-passes the system and sets the pump at 
maximum flow rate? 
 
The hybrid control strategy works by monitoring the post-inlet, pre-outlet and outlet temperature 
sensors. The proportional control characteristics for each sensor is defined in code. The code will 
choose to control the dominant sensor until the output temperature is finally controlled and 
maintained. The dominant sensor in the code is defined as the sensor which is closest to the output 
and above 35 C. 
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Figure 87 - Control System Flow Diagram 
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7.2.4.1 Data Packing and Sending 
Each loop cycle in code gathers ADC information, this information is converted to a useable form for 
the control system algorithm. The information is then sent over the serial connection to the 
processing computer. Figure 88 shows the format in which information is sent. 
 
Figure 88 - Control System Arduino Data Protocol 
The blue blocks represent the data type “char” and are intended to show the start and end of a data 
section as well as separating the different sensor readings. The red blocks represent temperature 
readings and are data type “int”. The orange block represents the PWM control signal used to 
control the speed of the pump and is of type “int”. TM represents the temperature of the 
magnetron and TT represent the temperature of the transformer. 
The serial line on the Arduino Leonardo is set to run at a baud rate of 57600 bps (bits per second). 
Serial information is configured to “send 1 start bit” and “1 stop bit with no parity bit”. This means 
that for every byte of information that is transferred, 10 bits are required. The transmission in Figure 
88 contains 22 bytes which is expected to take 3.82 ms to transfer over the serial line. 
7.2.4.2 Calibrating Timing Information 
The time between serial samples of data is required by the processing computer so that graphs can 
be generated to portray the information accurately. The time between each sample can be 
calculated by Equation 34: 
 𝑇𝑠 = 𝑇𝑑 + 𝑇𝑟  , (34) 
where 𝑇𝑠 is the time between samples, 𝑇𝑑 is the delay time in the program loop and 𝑇𝑟 is the run 
time of the loop before the delay. 
7.2.5 Power Detection Arduino Leonardo 
The power detection software runs simultaneously with the control system software and has the 
goal of looping and reading data samples from the ADC’s as fast as possible. This microcontroller 
only reads from two ADC’s and the information gathered is the forward power waveform and the 
reverse power waveform. 
7.2.5.1 Data Packing and Sending 
Data is sent similarly to section 7.2.4.1 and Figure 89 shows the format in which information is sent 
for the power detector software. The ADC produces a number between 0 and 1023. This means that 
initial implementation required the use of the “int” data type to represent the forward and reverse 
sensor information, this resulted in a calculated serial send time for 7 bytes of 1.22 ms. This means 
that the waveform seen in Figure 82 would be tracked by 16 data points. 
 
Figure 89 - Power Detector Arduino Data Protocol 
The 16 data points did not, however, track the signal with enough accuracy. The solution to this 
problem was to understand that the power detector would not output a voltage greater than 2.1 V 
and would not produce a value less than 0.9 V. The ADC value for a voltage of 2.1 V from Equation 
29 yields an ADC value of 426.067. Similarly, a voltage of 0.9 V yields an ADC value of 181.543. 
Subtracting the one from the other produces a result of 244.524. The significance of this allows for 
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the ability to use the “byte” data type instead of the “int” data type. This results in only sending 5 
bytes down the serial line to the processing PC which is calculated to take 0.868 ms. This means that 
the waveform seen in Figure 82 would now be tracked by 23 data points. The software on the 
processing PC then adds the 181.543 to the data it receives. This solution tracked the power 
detector signal with an acceptable level of accuracy seen in the comparison of Figure 82 and Figure 
90. 
7.2.5.2 Calibrating Timing Information 
Similarly, to section 7.2.4.2, Equation 34 can be used to calculate the time that elapses between 
samples. The difference in this case is that 𝑇𝑑 is set to zero as the loop in code is required to run as 
fast as possible. Software timers were implemented to record the time between sample sends. The 
value of 𝑇𝑟 was recorded to be 0.661 ms. 
7.2.5.3 Capturing Power Detector Waveform 
Figure 90 shows that the power detection sensor waveform seen on the oscilloscope reading in 
Figure 82 can be tracked. 
 
Figure 90 - ADC Power Detector Data Plot 
The oscilloscope reading shows a signal wavelength time of 20.2 ms and the ADC data shows a 
signal wavelength of 20.16 ms. The width of the power pulse seen on the oscilloscope is 9.4 ms and 
the power pulse from the ADC data shows 9.45 ms. 
7.3 Processing Computer Software (MATLAB) 
The processing computer was mainly used to save the data produced by the system and to plot the 
data in a visual format. The software used to do this MathWorks® MATLAB & Simulink. 
 
Figure 91 - MATLAB Block Diagram 
Figure 91 summarises the role MATLAB software plays in this project. 
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7.3.1 Data Unpacking and Saving 
The processing software creates data files for the information received from the microcontrollers 
and sets up a serial connection for each microcontroller simultaneously. Figure 92 shows a flow 
diagram illustrating how data is received and then saved. 
 
 
Figure 92 - Data Saving Flow Diagram 
The code rejects any messages on the serial line which do not start with the character “s”. Once the 
character “s” is received, the code sets a valid message flag “high” and data bytes received are 
added to a character string until the character “;” is seen. After the character “;” is seen, the 
character string is written as a new line to a file. The file is dedicated to the data which is received 
from the current active test. This means that a new file is created each time a new test is conducted. 
7.3.2 Data Plotting 
The information received from the microcontrollers may be viewed as the “y” coordinates in a 
Cartesian axis. This means that when the function is called to plot the data saved in the file, an array 
is created which has the same number of elements as there are lines in the file. Starting from zero, 
each consecutive element increases by the 𝑇𝑠 value obtained from Equation 34. This timing array 
represents the “x” coordinates in a Cartesian axis. 
7.3.2.1 Temperature Sensor Data 
The data from the files is read line by line and each sensors data is sorted into its own dedicated 
array. Upon the completion of reading all the data from the file, the file is closed and the data is 
plotted. Figure 93 shows the code required to plot the data in the arrays. 
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Figure 93 - MATLAB Graph Plotting Code 







Figure 94 - MATLAB Temperature Data Graph Examples a) 3 Capacitor Power Supply, Fast Flow Rate b) 3 Capacitor Supply, 
Slow Flow Rate 
The timing information for the graphs was considered accurate because the experiment seen in 
Figure 94 a) was set to run for 2 minutes. 
7.3.2.2 Power Detector Data 
The data which is saved for the power detectors are offset ADC values. The goal is to mathematically 
convert the data into a useable format so that the average power for the system can be realised. The 
coding steps followed to achieve this goal are performed as follows: 
1. Convert the character array read from the file line by line to a decimal datatype (similar to 
the double and float data types seen in Table 9). 
2. Add the offset ADC value discussed in section 7.2.5.1. 
3. Apply Equation 29 to convert the data values to voltage values. 
4. Apply equations seen in Figure 81 respectively creating data values with the unit dBm. 
5. Add the bi-directional coupler reduction values discussed in section 6.2.3.2. 













Figure 95 represents the power pulses in Watts which exist during the operation of the system. 
 
 
Figure 95 - Power Detector Pulses in Watts 
 
The average power in the system is equivalent to the area “underneath” the pulses seen in Figure 
95. The area for each pulse is calculated by multiplying each data point by the sampling time 
(661 s) and adding the results together for each pulse. The results of this operation can be seen in 









Figure 96 - Average Power Measurements a) 2 Capacitor Power Supply Forward Power b) 2 Capacitor Power Supply Reverse 
Power c) 3 Capacitor Power Supply Forward Power d) 3 Capacitor Power Supply Reverse Power 
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The average forward power seen in Figure 96 a) and c) are consistent with the forward power seen 
in Figure 16 which has a similar power supply set up and considered accurate. The average reflected 
power seen in Figure 96 b) shows a value of roughly 90 W. 
7.4 Other Software Used 
7.4.1 CST Studio Suite® 
Used for EM modelling and applicator design. 
7.4.2 AWR Microwave Office 
Used to plot the data obtained from the VNA. 
7.4.3 Autodesk Eagle 
Used to create the schematics and PCB layouts in this project. 
7.4.4 Autodesk Inventor Professional 
Used to create 3D printable parts for mode stirrers and motor attachments (not discussed in this 
project). 
7.4.5 Draw.io 
Online software package used for all block diagrams and flow charts in this thesis. 
7.4.6 MS Paint 
Used to illustrate some concepts as well as edit and overlay text on images in this thesis. 
7.5 Chapter Conclusion 
The software in this project highlighted that using a single Arduino Leonardo was not the ideal 
microprocessor for the project, however, it was too late in the design cycle to change. The solution 
to the issue involved running two Arduino Leonardo’s in parallel. 
The software calibration techniques used were deemed successful because the power detector data, 
timing information and temperature sensor information were all accurate and repeatable. 
The desired linear temperature sensor response designed in the hardware section was considered 
successful as the temperature response from the system was linear. 
The message protocol designed was considered successful. This was due to the fact that before its 
implementation, faulty data caused the processing computer software to crash. After the 
implementation, the code stopped crashing and no faulty data was present in the data file. 
The control software was designed as a stand-alone component, which does not need to be 
connected to the processing computer for the system to operate successfully. If the processing 
computer is not connected however, no data will be saved. 
The reflected power in the system was measured to be below 100 W, seen in Figure 96 b). 
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Chapter 8  
Control System 
8.1 Chapter Summary 
This chapter starts with a short literature study which defines what a control system is, as well as, 
listing ideal characteristics, types of control systems, types of available controllers and shows some 
basic controller transfer functions. The control system for this project was then designed and began 
by identifying and deriving a mathematical model for the system. The control system specifications 
are stated. The designed control system was simulated and altered to meet the system 
requirements. Finally, the control system is implemented in a live test. 
8.2 Control Literature Review 
A control system is a component in a system which regulates the desired output of a complete 
system by altering output signals of other components in the full system. Control systems 
mathematically relate input and output signal relationships either linearly or non-linearly [80]. The 
requirements for a good control system include: 
▪ Accuracy – The measuring tolerance on sensors effects the tracking error which determines 
control system performance [80]. 
▪ Sensitivity – Changes in the environment can be unpredictable and a control system should 
be able to react in the correct manner [80]. 
▪ Noise – The control system should be able to reject unwanted input signals [80]. 
▪ Stability – A rough definition of control system stability states that with bounded input 
signals, the output signal should also be bounded (not increasing out of control) [80]. 
▪ Speed – Good control systems reach an acceptable level of stability in an appropriate time 
[80]. 
▪ Oscillation – Control systems are considered stable if minimal oscillations occur or if a 
constant oscillation is maintained [80]. 
There are two main types of control systems. The first is called “open loop control” and the second is 
called “closed loop control”. Open loop control states that the control action is independent from 
the output signal. An example of this is a domestic bread toaster. The toaster will run for a 
predetermined time no matter how toasted or untoasted the bread is. The nature of this type of 
control means that any change in the system cannot be controlled automatically and instead the 
system can be altered after the output product (bread) is assessed and treatment time can either be 
increased or decreased for the next treatment. Closed loop control states the control action is 
dependent on the output produced by the system. An example of this can be seen in air-
conditioning units (air-con). An air-con turns “on” and “off” depending on the desired room 
temperature. This form of control necessitates automation in a system. Open loop control systems 
can be converted to closed loop control systems with the addition of a feedback loop. The feedback 
loop contains information about the output signal and can be used to alter the input signal 
accordingly [80]. 
There are three basic types of closed loop controllers, they are: proportional, integral and 
differential controllers. These controllers can be used individually or together in combination [81]. 
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Proportional (P) control creates an output which can be correlated to an error signal. An error signal 
in many cases is the difference between the desired output signal (the input signal) and the current 
output signal. This can be seen in the block diagram in Figure 97 below. 
 
Figure 97 - Negative Feedback Loop Control Block Diagram 
𝑅(𝑠) represents the input signal, 𝐸(𝑠) represents the error signal, 𝑈(𝑠) represents the controlled 
signal, 𝐺(𝑠) represents the dynamics of the system which is to be controlled and 𝐶(𝑠) represents 
the output signal. 
Derivative (D) control creates a control output (𝑈(𝑠)) which can be correlated to the derivative of 
the error signal. Integral (I) control creates a 𝑈(𝑠) which can be correlated to the integral of the 
error signal [81]. 
Common combinations of these controllers include: P, PD, PI and PID [82].  
▪ P controllers are used in systems which require fast response and are useful when the error 
and importance of the measured signal is not too great. This type of control can only be used 
for first order systems and has one coefficient of control [82]. 
▪ PD controllers are used in systems with moving objects because this type of control 
attempts to predict the error signal in order to improve stability of the system. This type of 
control has two coefficients of control [82]. 
▪ PI controllers are used in systems which can afford slow reactions. This makes this type of 
controller insensitive to disturbance signals and produces zero control error. This type of 
system has two coefficients of control [82]. 
▪ PID controllers are used in systems which require all the advantages brought forward by the 
basic controllers. This type of control has three coefficients of control and can be difficult to 
tune its parameters to achieve the desired output signal specifications [82]. 




derived in Table 11 below. Starting with the time domain expression for the input error signal to the 
control block and its proportionality to the output of the control block. 
Table 11 - Basic Control Component Transfer Functions [81] 
P D I 
𝒖(𝒕) =  𝑲𝑷 ∗ 𝒆(𝒕) 𝑢(𝑡) =  𝐾𝐷 ∗
𝑑𝑒(𝑡)
𝑑𝑡
 𝑢(𝑡) =  𝐾𝐼 ∗ ∫𝑒(𝑡)𝑑𝑡 
Applying Laplace transforms on both sides of the equation yields: 




Rearranging the equations, the transfer functions can be found to be: 
𝑼(𝒔)
𝑬(𝒔)
=  𝑲𝑷 
𝑈(𝑠)
𝐸(𝑠)
=  𝐾𝐷 ∗ 𝑠 
𝑈(𝑠)
𝐸(𝑠)









The effects of changing the constant coefficients 𝐾𝑃, 𝐾𝐷 and 𝐾𝐼 can be seen in Table 12 below.  
Table 12 - The Effects of Changing Control Coefficients 
Parameter Speed of Response Stability Accuracy 
Increasing  𝑲𝑷 Increases Deteriorates Improves 
Increasing 𝑲𝑫 Increases Improves No Change 
Increasing 𝑲𝑰 Decreases Deteriorates Improves 
 
The transfer function for combinations of controllers is simply the addition of the transfer functions 









8.3 Control System Design 
The method used to design the control systems in this project is summarised by Figure 98 below. 
 
Figure 98 - Control System Design Steps 
Proportional control was selected for this system as a starting point for control. This type of control 
is the simplest form and is incorporated in all the other strategies discussed in section 8.2. The 
performance of the system was then analysed to see if this form of control is suitable on its own. 
8.3.1 Identifying the System 
Before the implementation of any control, the system is seen as an open loop system and can be 
represented by Figure 99 below. 
 
Figure 99 - Open Loop Control Block Diagram 




= 𝐺(𝑠) ∗ 𝐾𝑃 (37) 
The variable function 𝐺(𝑠) is known as the plant and 𝐾𝑃 represents the gain of the constant flow 
rate controller. This system can be compared to the toaster discussed in Section 8.2 because the 
power in the system remains constant and the flow rate of the media is kept constant. Experimental 
observations allow the tweaking of 𝐾𝑃 between tests to alter the output target temperature. 
The open loop response of the system can be used to determine the characteristics of 𝐺(𝑠) to create 
a mathematical relationship which can be simulated. The open loop response for this system is 
analysed in two ways for this project. The first response is recorded by setting the flow rate of the 
pump to a maximum and maintain the input power. The second type of response is recorded by 
setting the flow rate of the pump to a minimum while maintaining input power. 
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8.3.1.1 Maximum Flow Rate 
The maximum flow rate represents the response in the system where the output temperature will 
be the lowest. This is because the faster the media moves through the applicator, the less time the 
media is interacting with the microwave energy. Section 2.3.3.3 highlights that dielectric properties 
effect microwave heating. This project has no direct application and as a result, the media to be 
sterilised in this system is unknown. This means the dielectric properties of the media cannot be 
assessed before designing the control system. The approach to designing the control element of the 
system was to obtain the open loop responses for tap water, distilled water and saline water at the 
three different power levels available from saturable reactor control discussed in Section 2.3.2.6. 
The method used was to pump tap water through the system while the magnetron was “off”. The 
purpose of this was to cool the system between experiments so that all the sensors can start at the 
same temperature. The system is then drained and the appropriate media for each experiment is 
primed to be fed into the system, the magnetron is powered “on” as the media enters the chamber 
and the results then being sent to the processing computer. Figure 100 shows that the response for 











Figure 100 - Open Loop Response, Fastest Flow Rate, 3 Capacitor Power Supply for a) Distilled Water b) Tap Water c) Saline 
Water 
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Table 13 below shows summarised results for the nine open loop experiments conducted for the 
maximum flow rate response. 
Table 13 - Maximum Flow Rate Response Summary 
Number of capacitors 
in power supply 
Output Temperature (C) 
 Distilled Water Tap Water Saline Water 
3 37 39 44 
2 46 49 60 
1 81 86 *Boiling 
*Boiling caused the media flow rate to become unusable 
 
8.3.1.2 Minimum Flow Rate 
The flow rate of the pump can be controlled using square pulses at a set duty cycle. The square pulse 
signal is supplied by the microcontroller in the form of a PWM signal. The minimum flow rate for the 
pump was determined experimentally by altering the duty cycle until the pump stops pumping at a 
steady continuous flow rate. The initial lowest duty cycle signal required maintain continuous flow 
was found to be around a 30% duty cycle (the square pulse is high for 30% of the time and of for 
70% of the time). This signal however was not great enough to start the pump from an “off” state. 
One of the reasons for this is that the motor is connected to the peristaltic pump which squeezes the 
silicone pipe. The coefficient of static friction is speculated to be much higher than that of the 
coefficient of dynamic friction. This results in the pump requiring more power at start up to 
overcome the static friction. The lowest duty cycle required to turn the pump “on” from “off” state 
was found to be around a 45% duty cycled signal. 
The open loop response at a 45% duty cycled signal produced unreliable results. Through further 
experimentation it was found that the lowest duty cycle which could be used for the system and still 
produce reliable results was a 55% duty cycle signal. Similarly, to the previous section, the nine open 
loop responses are summarised in Table 14 below. 
Table 14 - Minimum Flow Rate Response Summary 
Number of capacitors 
in power supply 
Output Temperature (C) 
 Distilled Water Tap Water Saline Water 
3 71 70 85 
2 79 80 95 
1 *Boiling *Boiling *Boiling 
*Boiling caused the media flow rate to become unusable 
 
8.3.1.3 Experimental Discussion and Conclusion  
The number of capacitors in the high voltage magnetron power supply is required to stay fixed in the 
system. The control system will only be able to control the output temperature range between the 
temperatures produced by the maximum flow rate and the minimum flow rate. Common 
sterilisation practices often don’t sterilise media below 60 C. The media used in this project is 
suspended in saline solution. For these reasons, the two-capacitor configuration was chosen for this 
project giving the system a controllable range for saline water between 60 C and 95 C. 
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8.3.1.4 Modelling 𝑮(𝒔) 
There are two main states in the system which require temperature control. The first state is the 
“start-up” case and the second state being the “continuous operation” case. The states behave 
differently because the start-up state has large delay periods before data can be measured since the 
media needs to reach the sensors in the system. The start-up state is relatively unimportant because 
it lasts for approximately 40 𝑠 whereas the continuous state can last for hours. 
The project design for the start-up case was mainly determined through experimental observation 
until a flow rate was identified which heated the target media to 60 C by the first temperature 
sensor. At this stage the control system takes control of the flow rate using the data obtained from 
the first temperature sensor. As the system fills up, the control system logic switches to the pre-
outlet temperature sensor, and once full, switches to controlling the outlet temperature as and 
when valid data is received by the system (valid data in this design is defined by a temperature 
reading greater than 35 C). The system dynamics for each temperature sensor was designed and an 
appropriate control algorithm for each sensor applied in software. 
This section shows the system identification process for the continuous case which only controls the 
outlet temperature sensor. Figure 101 below shows the step responses obtained for the continuous 





Figure 101 - Open Loop Step Response (Continuous Case) a) Maximum Flow Rate b) Minimum Flow Rate 
The response of the outlet data line is 𝐺(𝑠) and can be modelled by a standard transfer function 
seen in Equation 38 below: 




 , (38) 
where 𝐴 is the maximum steady state temperature, 𝐴0 is the starting temperature, 𝑡𝑑 is the delay 
time and   is the time taken to reach a temperature 63% of 𝐴. The variables in Equation 38 are 
illustrated in Figure 101 b). The exponential term 𝑒−𝑠𝑡𝑑 can be removed from 𝐺(𝑠) through an 
approximation seen in Equation 39 below. 









The approximated G(s) is then plotted to verify the model is correct and can be seen in Figure 102. 
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Figure 102 - Open Loop Approximated G(s) 
Comparing Figure 101 b) and Figure 102, the approximated mathematical model was considered 
accurate. 
8.3.2 Control Specifications 
The specifications for the control system in the design should be that an overshoot of 5% at 90 C. 
This will result in a maximum overshoot of 4.5 C. A higher overshoot will cause the media to boil 
causing the flow rate to be unpredictable. Previous works of the EHG state that some media as the 
potential to “caramelise” at higher temperatures [1]. 
The design should also have a steady state tracking error smaller than 2 C. 
8.3.3 Control Design 
Figure 97 shows the closed loop control block diagram which incorporates negative feedback. The 
chosen control system in this design is proportional only control, thus making the control blocks 








A root locus plot of the approximated model for 𝐺(𝑠) can be used to find a 𝐾𝑝 value which satisfies 
the overshoot specification and is seen in Figure 103 below. 
 
Figure 103 - Root Locus Plot for Approximated G(s) 
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The root locus suggests that a 𝐾𝑝 value of 0.0177 will satisfy the control design specification of a 5% 
overshoot. 
8.3.4 Control Simulation 
The closed loop response of the system is plot using Equation 40. 
 
Figure 104 - Closed Loop Response with 𝐾𝑝 = 0.0177 
The closed loop response is expected to settle around a 𝑦(𝑡) value of 1. The simulated closed loop 





Figure 105 - Closed Loop Response a) 𝐾𝑝 = 0.25 b) 𝐾𝑝  = 1 
Increasing 𝐾𝑝 changed the overshoot designed by the root locus as expected. Achieving the steady 
state tracking error, however, takes precedence over the temporary overshoot since increasing 𝐾𝑝 
does not make the system unstable. 
A 𝐾𝑝 value of 1 is simulated with a reference input to control to 65 C and 90 𝐶 respectively. The 
results can be seen in Figure 106 below. 
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Figure 106 - Simulated Control a) 65 𝐶 b) 90 𝐶 
Figure 106 a) and b) both show that a steady state tracking error of less than 2 C is realisable with 
the designed control system. 
8.3.5 Control Implementation and Conclusion 
The control system was implemented in software with 𝐾𝑝 = 1 and the results can be seen in Figure 





Figure 107 - Implemented Live Control System a) Target Temperature 65 𝐶 b) Target Temperature 90 𝐶 
Figure 107 a) had a target temperature of 65 C and the system achieved a steady state value of 
64 C with no overshoot. Figure 107 b) had a target temperature of 90 C and the system achieved a 
steady state value between 89 C and 95 C. The reason for the “saw-tooth” shape on the graph is 
believed to be a product of the low flow rate causing media to boil slightly inside the applicator 
chamber. Pressure builds up inside the coil because liquid water turns into gaseous water at some 
points in the tube. This explanation comes from the observation that the peristaltic pump was 
observed to have a relatively constant rotational speed which did not match the aggressive 
“sputtering” of water coming out the outlet pipe. The sputtering was observed to occur roughly 
every 2 s. The results of this test concluded that the proportional-only control system designed in 
this chapter is able to control the output media temperature between 60 C and 95 C.  
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Chapter 9  
Microbial Experiments 
9.1 Chapter Summary 
This chapter gives detailed insight into the methods used to prepare the media which was tested in 
the continuous flow system designed for this project. A step by step experimental procedure is 
presented which shows the apparatus used. The temperature response for the treatments are seen 
and comments are made with regards to the control system designed. The results are presented, 
and conclusions are drawn from the data. 
9.2 Method for Media Preparation 
The media prepared in this thesis was provided by the Microbiology Department of Stellenbosch 
University. 
The microwave sterilisation treatment experiments were conducted with a strain of Lactococcus 
lactis (NZ9000) with an antibiotic marker (chloramphenicol at 10 µg/ml). The use of a single type of 
bacterium coupled with the antibiotic marker reduces the risk of unintended contamination.  
The bacteria were inoculated from glycerol stocks into a 5 ml M17 broth (supplemented with 0.5% 
glucose v/v and chloramphenicol at 10 µg/ml) and incubated overnight at 30 °C. The overnight 
culture was used to inoculate 200 ml M17 broth (supplemented with 0.5% glucose v/v and 
chloramphenicol at 10 µg/mL) and incubated at 30 °C until an 𝑂𝐷600 value of 1.0 was reached. 
These cells were centrifuged at 8000 rpm and washed in 200 ml sterile saline (0.75% NaCl), cells 
were centrifuged again, and the wash step repeated. After the wash steps, cells were re-suspended 
in sterile saline to a final 𝑂𝐷600 of 0.2-0.3 and placed in the media containers discussed in section 




Figure 108 - Received Media for Treatment 
Figure 108 shows how the media was received prior to treatment. The tin foil seen in the picture was 
used to create a barrier between the breather holes in the lids and the external environment. 
9.3 Method for Experiments 
The steps followed for the bacterial treatment experiments included: 
1. Clearing the laboratory bench of unnecessary tools. 
2. Wiping down the immediate surfaces and the system parts with 70% ethanol solution and 
leaving to air-dry. 
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3. Pumping 70% ethanol solution into the system until the coiled pipe was completely filled 
and leaving to soak for 10 minutes. 
4. Circulating the 70% ethanol solution for 5 minutes “just in case” an air bubble was present 
inside the system. 
5. Thoroughly flushing the system with distilled water to remove any ethanol. 
6. Pumping a small amount of saline containing bacteria (SCB) through the system into a waste 
beaker before starting a treatment. 
7. Set the system to re-circulate SCB until desired output temperature is achieved. 
8. Start treatment and fill the output container with 200 ml of treated SCB. 
9. Drain the system of any SCB and circulate cold tap water to cool the system down. This was 
done so that every test can begin with the same starting characteristics. 
10. Repeat steps 4 to 9 until all experiments are completed. 
The four treated samples and the single control sample were collected and used for enumeration of 
viable cells. Cells were diluted in sterile saline and plated onto M17 agar (1.5% agar w/v; 0.5% 
glucose v/v) supplemented with chloramphenicol (10 µg/ml). Agar plates were incubated at 30 °C 
until visible colonies could be observed and counted for determination of colony forming units per 
millilitre (CFU/ml).  
 
 
Figure 109 - Apparatus Used During Treatment 
Figure 109 shows some of the apparatus used during the sterilisation experiments. The oscilloscope 
was connected to the output of the power detectors to ensure that microwave power is present 
during the test (the magnetron was unplugged between treatments to ensure user safety). This was 
necessary because the processing computer only generated power graphs after treatment cycles 
had been finished. 
9.4 Temperature Response During Treatment 
The decision to use 200 ml for the bacterial tests was done to ensure the system could be tested in 
both the “start-up” and “continuous” cases for the hybrid control system software. 
The “control” sample (the sample not treated by microwave energy for comparison) of media was 
passed through the system at maximum flow rate while the magnetron was powered “off”. As 
expected, the temperature of the control sample did not change. The reason the control sample was 
sent through the system and not just set aside is because the peristaltic pump interacts with the 
media in a physical manner. This physical interaction could influence the samples in some way. 
Passing the control sample through the system ensures that the only difference between it and the 
treated samples is the addition of microwave energy. 
Stellenbosch University https://scholar.sun.ac.za




The targeted control temperatures for the other four samples were designed to be 60 C, 65 C, 
75 C and 95 C. The first test was designed to assess if the minimum attainable temperature 
achievable by the system could sterilise the targeted media. The second test was designed to 
compare the control system characteristics seen in chapter 8. The third test was designed after 
looking at bacterial death rate graphs. These graphs indicate the duration bacteria should be held at 
a specific temperature to ensure the death of the microorganism. For common non-thermal 
resistant bacteria, a temperature of 75 C should completely denature the bacteria in a couple of 

















Figure 110 - Temperature Responses During Microbial Treatments a) Control Target = 60 𝐶 b) Control Target = 65𝐶 
c).Control Target = 75𝐶 d) Control Target = 95𝐶 
The first test highlighted that the microwave response to the media was greater than anticipated. 
This can be seen in the large overshoot present in Figure 110 a). The steady state tracking error for 
this test was 6 C. The control system was altered (by changing 𝐾𝑃) in an effort to improve 
performance on the three remaining tests. 
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The second test, illustrated in Figure 110 b), shows that the control software was not operating as 
well as it did during the design stages. This test, however, tracks the target temperature with a 
steady state error of 2 C which is within the design specifications but fails on the desired 5% 
overshoot allowed. The control system was altered further to improve performance for the other 
tests. 
The third test seen in Figure 110 c) shows the control software performing perfectly. The target 
temperature is achieved with roughly 0 C (± 0.5 𝐶 decimal values rounded in software) steady 
state tracking error with no overshoot. At this temperature, recirculation of the media was required 
briefly, which in turn raised the input temperature of the media. This effect can be seen as an 
external disturbance signal to the system. The control system did not allow this change in input 
temperature to affect the targeted control temperature. 
The fourth test seen in Figure 110 d) also shows the control system operating in the desired manner. 
The target temperature is achieved with no error( ± 0.5 𝐶) and no overshoot. The recirculated SCB 
posed a greater input disturbance to the system which did not alter the steady state. The control 
system in this test performed better than the designed system due to the fact that the media did not 
boil and sputter as it had previously causing steady state oscillations at similar temperatures. 
9.5 Sterilisation Results 
Figure 111 shows an example of the Petri dishes with the colonies of bacteria to be counted. A non-
permanent marker was used during the counting process to ensure that the same colony of bacteria 






Figure 111 - Incubated Control Samples a) 4 Dilutions b) 6 Dilutions 
The purpose of the dilution process allowed results to be confirmed with each other as well as to 
make it easier to count the colonies. It is unrealisable to count millions of colonies. This means that a 
dilution series reduces the counting process and mathematical models can be used to determine the 
number of bacteria present in a sample. For example, if 10 colonies are counted in 1/100 dilution of 
the sample, then 100 colonies are expected in the sample with a 1/10 dilution. Similarly, 1000 
colonies are expected in the sample with no dilutions. 
Figure 112 shows that a fungal spore is present in the control sample. This means that cross-
contamination occurred somewhere in the experimental chain. The source of the contamination is 
unknown and could have happened in either the Microbiology department or the Electrical 
Engineering department. The spore was only present in the fourth dilution of the control test and 
none of the other Petri dishes. This means that it is likely an isolated incident. The cross-
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contamination does not make the experiments invalid because none of the treated samples had 
spores. This means spores were either never present, or the system destroyed them. 
 
 
Figure 112 - Spore Contamination in Control 
Table 15 shows the results after counting all the colonies in all the separate dilution series for the 
experiments. 
Table 15 - Continuous Flow System Sterilisation Results 
Continuous Flow Sterilisation Results  
 0 dilutions 2 dilutions 4 dilutions 6 dilutions 8 dilutions  
Control n/a* n/a* 574 7 0 
5.74x107 
CFU/mL 
1 - 66 C 1 0 0 2 0 TFTC# 
2 - 67 C 0 0 0 0 0 NOG$ 
3 - 75 C 0 0 0 0 3 TFTC 
4 - 95 C 0 0 0 0 0 NOG 
*Too many colonies to count, # Too few to count (< 10 CFU/mL), $ No observable growth  
 
The control test was calculated to have 5.74 ⨯ 107 CFU/ml on average based on the 1/1000 dilution 
as the next dilution is below 15. The treated samples in tests 1 and 3 had too few colonies to count 
deeming them successful. The few colonies counted are considered as errors as the dilution series 
cannot confirm the counts. Tests 2 and 4 had no colonies to count whatsoever which means 
complete sterilisation was achieved in these tests. 
9.6 Chapter Conclusion 
The control system dynamics were fully tested and although the system did not initially operate as 
designed, the simplicity of the proportional only control system allowed for the alteration of the 
design between tests. The control system was eventually tuned to the point where a steady state 
tracking error of 0 C ± 0.5 𝐶 was achieved with no overshoot. 
Complete sterilisation (i.t.o of L. lactis) was achieved in the microbiological experiments proving that 
the system designed in this thesis worked as intended. 
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Chapter 10  
Recommendations & Conclusions 
10.1 Chapter Summary 
This chapter draws conclusions relating to the overall thesis system objectives highlighted in chapter 
1 and briefly discusses and highlights potential improvements including future recommendations for 
the system designed in this project.  
10.2 Recommendations 
The recommendations discussed in this section include details about the pump, media recirculation 
techniques, the saturable reactor control selector, microprocessor, user interface, waveguide 
modules, control system, temperature sensors, methods of detecting when media is no longer inside 
the applicator and methods to reduce reflected power. 
10.2.1 Pump 
The control system in the design relies heavily on the variable flow rate of the pump in this system. A 
pump with a greater flow rate will allow a greater controllable temperature range at a higher output 
magnetron power level. This could enable the system to sterilise media at a faster rate. 
Furthermore, the ability to use a higher microwave power aligns with the decision of promoting a 
“non-thermal microwave effect” design discussed in section 3.2. 
10.2.2 Media Recirculation 
The recirculation hardware in this project makes use of manual irrigation taps. Electronic valves 
should be incorporated into the final design and controlled by the microprocessor. This feature 
would make the system fully autonomous. 
10.2.3 Saturable Reactor Control 
The three capacitors in the capacitor bank were physically plugged “in” and “out” of the system as 
required. This type of electronic manipulation would be impractical in a commercial environment. It 
is proposed that a manual “knob selector” be developed that “chooses” how many capacitors to 
incorporate.  
The required power level supplied to the system is media dependant. This means that some 
applications require very high power for short periods of time whilst others require low power for 
longer periods of time. 
10.2.4 Microprocessor 
The Arduino Leonardo did not perform well enough in this project to have all system functionality on 
a single microprocessor.  
The ESP32 microcontroller has two Xtensa 32-bit LX6 microprocessors enabling the device to 
perform coded tasks in parallel. Furthermore, this device has a 40 MHz crystal oscillator, provides 
12-bit resolution for analogue readings and operates with 3.3 V logic [83]. Similarly, to the Arduino 
Leonardo, the ESP32 can be programmed through the Arduino IDE. 
The ESP32 can connect to and create WiFi connections. 
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10.2.5 User Interface 
The sterilisation unit developed in this project is “stand alone” as far as possible. The processing 
computer is not required for the system to operate and, as such, no graphical user interface (GUI) 
was developed. Plotted data was used during the design stages and may not be of use in a 
commercial product. 
A user interface, however, may become necessary if the system could store different control system 
profiles for different media. Furthermore, the ESP32 comes with the capability of creating a wireless 
WiFi host which could interface with a mobile phone application. 
10.2.6 Waveguide Modules 
The waveguide components in this project were developed modularly. The final design only required 
the magnetron launcher to be attached the applicator with a reflective short termination. 
The magnetron launcher is effectively “a hole” in the waveguide structure at a specific location. This 
means that the applicator can be made slightly bigger and the magnetron mounted directly onto the 
applicator.  
10.2.7 Control System 
The performance of the control system in this type of project is heavily dependent on the type of 
treatment media. Different control system profiles could be created and selected for various media 
types. These profiles could be downloadable from a website for a commercial product. 
Alternatively, software configuration techniques for the system could be developed whereby the 
user could tell the system a new type of media is being passed through the system. The system 
would then record a step response for the new media and adjust the control software accordingly. 
The profiles can be saved and selected on start-up depending what the user would like to sterilise. 
10.2.8 Temperature Sensors 
The in-line thermistor temperature sensors used in this project worked very well, however, these 
sensors tended to lose their calibration and/or broke entirely and needed to be replaced and 
recalibrated. 
The sensors were inserted into the side wall of the silicone tube by means of a small incision. Super 
glue was then used to seal the tube as well as hold the temperature sensors in place. 
One can speculate as to why these sensors stopped working. The first reason may be because the 
system was continuously worked on and around. This factor could have caused the leads on the 
thermistor to move back and forth, eventually either thinning the leads or breaking them off inside 
the small component. The thinning of the leads could have caused a change in overall resistance and 
thus ruined the calibration. 
The second possible reason could have been that the rapid heating followed by rapid cooling during 

















Figure 113 - Thermistor Mounting Techniques a) Full Insertion b) Partial Insertion 
All thermistor mountings made in the style of Figure 113 a) broke over time, whereas thermistors 
mounted in the style of Figure 113 b) did not break. 
It is recommended that IR temperature sensors be used as this will provide a non-destructive 
method for capturing the temperature. The problem that the temperature will only measure the 
target container can be calibrate in software. This method should be thoroughly tested however, to 
ensure the change in response time for the temperature is adequate for the control system. 
10.2.9 Detecting When No Media is Present in the Applicator 
The axis and values presented in the graph seen in Figure 114 are not important for the explanation 
in this section. The image shows the produced temperature response during three stages. The first 
two stages have been discussed in detail during the course of this document. Stage 1 represents the 
transient response of the system recorded while the system fills up with media. Stage 2 represents 
the steady state response for continuous operation recorded while the system is completely full. 
Stage 3 represents the temperature response of the system recorded when the magnetron is kept 
“on” during drainage of the system. 
 
Figure 114 - Temperature Response During Magnetron Operation and Applicator Drainage 
Stage 3 was always prevented because the treatment of media was either terminated through a 
software timer which turned the magnetron “off” and signalled the end of the treatment 
experiment. Alternatively, the microcontrollers were reset by pressing a “push” button. The start-up 
characteristics of the microcontrollers were such that the relay would keep the magnetron “off” 
until a treatment began. Stage 3, however, could prove to be a crucial element for the system when 
detecting the exact time when media leaves the treatment chamber. 
Instead of waiting for the system to heat the magnetron through reflected power over time, the 
system could assess that a sudden large change has occurred in the steady state response. In turn 
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this could trigger a flag which states that errors exist in the system (and stop the treatment 
immediately). 
This form of detection would occur more quickly than the magnetron overheating protection 
currently in the system. 
10.2.10 Method to Reduce Reflected Power 
The reason large reflections are present in the system is due to the fact that the full coil structure is 
not a matched load inside the waveguide applicator. This is because the full coil structure presents a 
large volume for the E-fields to immediately interact with.  
If the shape of the coil was altered to present a more gradual increase in volume, reflections should 
decrease. This could be done by creating a tapered coil which starts with a small winding and 
gradually increases the winding radius. The “tip” of the tapered coil should be placed closest to the 
microwave source. 
Alternatively, uniform coil rings could be placed increasingly further apart, the closer the coils get to 
the microwave source. 
10.3 Conclusions 
This section draws conclusions from all the material and topics presented in this thesis with 
particular focus on the objectives outlined, sterilisation effectiveness and the control system. 
10.3.1 Microwave Sterilisation System Objectives 
The objectives below are listed in chapter 1. 
10.3.1.1 To develop a system capable of sterilising liquid to an industry standard 
Complete sterilisation was achieved in the microbial sterilisation experiments performed on 
Lactococcus lactis. This achievement, however, does not necessarily mean that “an industry 
standard” has been met as outlined in section 2.5.3. There are many other types of microorganisms, 
all of which could behave differently under heat treatment. Some unicellular microorganisms can 
survive in harsh environments (e.g. temperatures above 100 C). 
The system designed in this thesis currently has a controllable temperature range between 60 C 
and 95 C. Higher temperatures than the range indicated inside the system causes the media to boil, 
which in turn ejects the media out of the outlet pipe aggressively. The aggressive ejection may result 
in the media not being held at the target temperature for long enough to achieve required 
sterilisation for a specific media.  It is recommended that further testing of other, more resilient, 
microorganisms should be conducted before this objective can be confidently achieved. 
Additionally, the results in this thesis have been achieved under “perfect” laboratory conditions with 
a single organism suspended in saline solution. Application specific media is likely to behave 
differently inside the system and may prove more difficult to sterilise. 
10.3.1.2 To develop a predictable system where insight can be gained through simulation 
Complete simulation, in terms of moving media, was not completed in this project. The project was 
instead broken up into various key parts and simulated to find the s-parameters for the system. 
The applicator required the design of inlet and outlet microwave chokes intended to stop the 
structure from radiating. The simulated design was implemented on the applicator and no radiation 
was measured leaving the applicator. The applicators s-parameters were then determined. The 
simulated 𝑆11 yielded a value of−6.655 dB. The applicator was then measured on a VNA which 
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produced an 𝑆11 of −5.075 dB. These values predicted the reflected power in the system to be 
75.6 W and 108.8 W respectively. The power detector used in conjunction with the bi-directional 
coupler suggested that the actual measured reflected power was closer to 90 W.  
This objective was considered achieved because the design specifications outlined that the reflected 
power should be below 100 W. The simulation package allowed for a software design approach, 
resulting in only one applicator design reaching the fabrication stage at the same time as conforming 
to the design specification.  
10.3.1.3 To have a continuous flow system as opposed to a batch system 
The system designed in this thesis is continuous for as long as there is media present inside the 
system. The longest continuous test conducted with the system was 15 minutes. The magnetron and 
the high voltage transformer reached steady state temperatures below 40 C. This level of 
temperature is not great enough to cause damage to the components. The response showed that 
these temperatures were maintained for the majority of the test, however, it is unknown what 
would happen to the system over a much longer period of time. 
It is worth noting that the magnetron and high voltage transformer are air-cooled by a strong fan. 
When the fan is turned “off”, the temperature began to rise. The limits of this test were never 
realised since this type of test could cause significant system damage. However, it could be 
concluded from this limit test that an air-cooling fan would be required for continuous operation. 
10.3.1.4 To have a cost-effective design 
The final system design, which did not incorporate a circulator, bi-directional coupler or power 
detectors, reduced the cost of the system dramatically. Furthermore, the power supply utilises 
conventional microwave oven parts which are mass produced and affordable. The other 
components in the system like the peristaltic pump, silicone tubing, polystyrene support structures 
and thermistor temperature sensors were all cheaper than their alternatives (diaphragm pump, PTFE 
tube and support, IR temperature sensors). The cost of these items, however, are irrelevant when 
compared to the cost of fabricating the WR340 waveguide structures used. Waveguide structures 
are expensive due to the accuracy required during the manufacturing process. 
10.3.1.5 Create a system of comparable efficiency seen in other conventional sterilisation techniques 
The validity of this objective was not fully realised because only one type of microorganism was 
tested. 
Assuming, however, that complete sterilisation occurs for all media, this system may prove to be 
more efficient than that of a laboratory autoclave. This is because an autoclave could get “locked” 
into a treatment cycle for over an hour. Using the lowest flow rate in this project would yield 
3.3 litres of treated media in that time. This means that the system designed in this thesis could 
potentially be more efficient than a laboratory autoclave for autoclave loads of less than 3.3 litres. 
10.3.1.6 To detect when a treatment sample is no longer present in the treatment chamber 
This objective was not focussed on during the development stages of this project due to its lack of 
necessity in the experimental system. This is because the circulator in the experimental design was 
intended to protect the magnetron. The power detectors functionality was relied on to determine 
the amount of reflected power in the system. It was evident that large amounts of reflected power 
were found even though there was no media present in the applicator. 
The functionality of detecting when media was no longer present in the applicator was then lost 
once the power detector and circulator were removed in an effort to reduce the cost of the system. 
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The removal of the circulator, however, created a new source of data. Again, when media was not 
present in the applicator, large amounts of power were reflected. The reflected power now travelled 
back to the magnetron causing it to heat up. This change in heat can be sensed and the magnetron 
powered “off” due to no media presence inside the applicator. 
A third method for detecting when no media is present in the applicator is recommended in section 
10.2.9 which is beneficial in that it has the ability to protect the magnetron faster than the solution 
of waiting for the magnetron to reach potentially damaging temperature levels. 
10.3.1.7 To ensure the temperature is controlled 
The temperature was controlled through the hybrid proportional-only control system designed in 
chapter 8. The results showed evidence that the microwave heating effect relies heavily on the 
target media which was put through the system. The design modelled the effects of microwave 
heating on saline solution which proved to be a different from the model required for the bacterial 
tests conducted in chapter 9. 
The first live test with the bacteria produced a steady state tracking error of 6 C. Although the error 
was greater than that designed for, the error was constant. This proves that the system was never 
unstable even though the model for the control system was incorrect. Alterations to the control 
system were easy enough to implement which produced results which were within the design 
specifications of the control system for the remaining bacterial tests. The control system also 
illustrated evidence which supports the rejection of input disturbance signals, deeming the control 
system robust. 
10.3.2 Final Conclusion 
The complete system designed in this thesis confidently achieved five out of the seven objectives 
outlined at the project’s inception. The objective to achieve comparable sterilisation efficiency for 
sterilisation techniques currently used in industry was not investigated. The objective to achieve 
sterilisation to an industry standard, outlined by the World Health Organisation and the Food and 
Agriculture Organisation, was not fully explored due to time constraints.  
The tested system does however, provide a complete sterilisation solution for aqueous media 
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Table 16 - Parts List for Schematic and PCB 
Part Value 
C1 100 n 
C3 1000 F 
C4 100 F 
C7 1000 F 
C8 100 nF 








J1 2 Terminal Screw Connector 
J2 NTC Thermistor (Insulated Leads) 
J3 NTC Thermistor (Insulated Leads) 
J4 NTC Thermistor (Insulated Leads) 
J5 NTC Thermistor (Insulated Leads) 
J6 2 Terminal Screw Connector 
J7 2 Terminal Screw Connector 
J8 2 Terminal Screw Connector 
L2 100 H 
LED1 Visible LED, Red, Single Chip, 5 mm Lamp 
R1 1000  
R2 Variable 8.86 k 
R3 680  
R4 680  
R5 680  
R6 680  
R7 1000  
SL1 Female Header (2 Pins) 
U$1 Peristaltic Pump Mounting 
U1 L293D Driver IC - DIP 
X1 Female Header (4 Pins) 
  
 
Figure 115 - PCB Layout 
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Appendix C - Determining Treatment Time 
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Appendix C - Determining Treatment 
Time 
10 𝑚𝑙 Water 
Time (s) Starting Temperature (C) End Temperature (C) Thermal Image 
10 13 22.6 
 
15 15 49.1 
 
20 15 56.9 
 
30 15 68.9 
 
40 15 71.6 
 
 
Rough Experimental Notes: 
• Initial tests done with an uncovered Petri dish showed that it was difficult to raise the 
temperature above 60 C. 
• The temperature of the dish drops very quickly once placed on laboratory bench – need to 
consider death curves of bacteria. 
• Initially even heating was seen or assumed – the higher temperatures caused the Petri dish 
to warp which in turn caused shallower regions in the middle of the dish. These shallower 
areas were seen to be colder and thus uneven heating was seen. Consider using glass Petri 
dish. 
• Test done with a plastic Petri dish. 
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2 Teaspoons Dry Flour 
Time (s) Starting Temperature (C) End Temperature (C) Thermal Image 
10 15 81.6 
 
15 15 89.2 
 
20 15 90.8 
 
 
Rough Experimental Notes: 
• The dry flower got very hot very quickly! 
• Test done with a plastic Petri dish. 
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2 Teaspoons Flour, Teaspoons Water Mixed Into A Paste 
Time (s) Starting Temperature (C) End Temperature (C) Thermal Image 
10 15 50.5 
 
15 15 77.2 
 
20 15 78.2 
 
 
Rough Experimental Notes: 
• Although the middle looks like a cold spot, the mixture was seen to rise in the centre. This 
could suggest that the middle was hotter. A potential reason for the thermal camera picking 
up a cold spot in the centre is that the mixture touched the lid of the Petri dish and 
dissipating the heat. 
• Test done with a plastic Petri dish. 
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2 Teaspoons Grated Chocolate 
Time (s) Starting Temperature (C) End Temperature (C) Thermal Image 
10 19 26.1 
 
15 19 37.4 
 
20 19 46.0 
 
30 19 62.1 
 
 
Rough Experimental Notes: 
• Tests done with a glass Petri dish 
• Heating seen to be very central
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